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ABSTRACT 
Abstract 
Tears of the glenoid labrurn are becoming increasingly more recognised 
as a source of pathological pain in the shoulder. The frequency of tears 
around the circumference varies considerably. One reason could be 
differing biomechanical properties. 
The aim of this thesis was to review the current literature on the anatomy, 
histology and injury pathology of the glenoid labrum and also to review 
the available literature on the biomechanical testing of intra-articular 
tissue. Then, to design an appropriate testing regime which allows 
comparison of the biomechanical properties in the different regions of the 
labrum. Finally, to evaluate the results in the context of tear pathology 
and overall function of the labrum. A comparative study on the 
acetabular labrum was also carried out in an attempt to gain further 
relevant information on the role of the two labrae. 
The mean compressive and tensile elastic modulus for the glenoid labrum 
were 69.7 MPa (+/-36.2) and 22.8 MPa (+/- 22.8) respectively. The 
anterosuperior quadrant had a lower tensile elastic modulus when 
compared to the other quadrants (p<0.05) and a higher compressive 
modulus when compared to the posterioinferior quadrant (p<0.05). The 
glenoid labrum had a similar tensile modulus to the acetabular labrum, 
but a significantly higher compressive modulus (p<0.001). 
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ABSTRACT 
These results may explain the initiation of tears in the glenoid labrum and 
strengthen the argument that the anterosuperior quadrant is anatomically 
different to the rest of the labrum and potentially functionally redundant. 
It is likely that the rest of the labrum has a role as both a dynamic tension 
brace and as a chock block resisting translational forces applied by the 
humeral head during movement. 
Tears to the functional part of the glenoid labrum should be repaired to 
avoid loss of resistance to translation and loss of proprioceptive 
feedback. If not subluxation, dislocation and further injury may result. 
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1. INTRODUCTION 
Introduction 
The improvement in clinical imaging and the development of shoulder 
arthroscopy over the last twenty to thirty years has allowed clinicians to 
diagnose and treat more subtle pathologies of the glenohumeral joint. 
Specifically injuries to the labrurn have been more recognised during this 
period, as a source of symptoms and the optimal treatment of these 
lesions is evolving at a rapid pace. However, to date no work exists that 
defines the mechanical properties of the labrum. 
Therefore the aim of this thesis is to review the current literature on the 
labrum and labral injuries, design a testing protocol to define the 
mechanical properties of the labrum and interpret the results in the 
context of the types of injuries seen around its circumference. 
Embryology 
Synovial joints develop by the formation of a primitive anlage composed 
of the cartilaginous precursors to the individual bones, with a transverse 
band of flattened cells (interzone) separating these two sides of the joint. 
For the shoulder, the interzone within the anlage appears at 11-12 mm 
CRL (crown-rump length) (6 weeks) with a vascular periphery, whilst the 
centre remains avascular and begins to cavitate at around 22 mm CRL (8 
weeks) (Gardner and Gray 1953) . The dehiscence of the two sides 
is 
said to be complete by 34 mm CRL (9 weeks) (Haines 1947). The fibrous 
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capsule is evident at 16 mm CRL (7 weeks) (Haines 1947) and the 
anlage of the labrum by 17 mm CRL (7 weeks) (Gardner and Gray 1953). 
By 21 mm CRL (8 weeks) the labrumcan be seen to be deficient in the 
region deep to the coracoid process, in the rest of the circumference a 
few collagenous strands start to appear. At 27 mm CRL (8.5 weeks) the 
labrum is more pronounced posteriorly than anteriorly. At this stage it 
has been postulated that the anterior labrum deep to the subscapularis 
tendon has been formed from the synovial mesenchyme, as apposed to 
the labral anlage, as it does not join the cartilage of the glenoid (Gardner 
and Gray 1953). 
More recent work (Aboul-Mahasen and Sadek 2002) has specifically 
looked at the progression of the labrum and other intra-articular structures 
from 9 weeks gestation onwards. A summary from their work is 
presented below: 
At 9 weeks (30 mm CRL) the glenoid labrum, and biceps tendon can be 
visualised, with the biceps tendon inserting into the superior aspect of the 
labrum. At this stage the glenoid fossa and humeral head are poorly 
developed. Microscopic assessment shows the labrum as a primitive 
fibrous condensation on the margin of the glenoid fossa, with 
intermingling of both the biceps and triceps tendons. A fibrocartilagenous 
transition zone can be seen between the fibrous labrum and the hyaline 
articular cartilage. 
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By 12 weeks (60 mm CRL) the fossa has become pear-shaped with 
increasing concavity. The humeral head is now a hemi-sphere and the 
surgical neck can be identified. The labrum has thickened, except in the 
anterosuperior part, where it appears meniscus like. The superior, middle 
and inferior glenohumeral ligaments are beginning to appear as 
thickenings in the joint capsule. 
At 16 weeks (120 mm CRL), the labrum has thickened again, the biceps 
appears as an extension of the superior labrum and the inferior ligament 
has a wide attachment to the anterior and inferior part of the labrum. 
Microscopically at 16 weeks the superior labrum has become more 
fibrous and vascular, whereas the posterior labrum appears more 
fibrocellular. 
By 23 weeks (198 mm CRL) all the intra-articular structures had taken on 
the form that is seen in the adult shoulder, except the biceps tendon 
which still appeared cord shaped. The posterior labrum is now more 
fibrocartilagenous and the whole of the labrum is more vascular. 
3 
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Figure 1. Posterior view of a 23 week gestational shoulder. Showing the 
thick circular ring of the glenoid labrum (L) and the biceps tendon 
inserting into it (BT) (Aboul-Mahasen and Sadek 2002). 
At full term (40 weeks and 370 mm CRL) the labrum forms a well defined 
ring, deepening the concavity of the glenoid fossa. However, the 
thickness is still less anteriorly. The posterior labrum has become hyper- 
cellular with groups of chondrocytes, chondrobalsts and fibroblasts. The 
biceps tendon now has a flattened appearance. When compared to the 
adult shoulder, the joint cavity is relatively smaller with less synovial 
covering and folds. 
It appears that even as early as 21 mm CRL (8 weeks) the anterosuperior 
part of the labrurn is different to the rest of the labrurn and maybe even be 
derived from different tissue. A further cadaveric study has also observed 
that an area of detachment of the labrum in the anterosuperior region was 
present in specimens over 22 weeks gestation (Fealy et al. 2000) and 
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arthroscopic assessment of 20 foetuses found the anterosuperior labrum 
to be detached in 10% of the shoulders (Tena-Arregui et al. 2005). 
This area is of particular anatomical debate in the adult, and these 
studies suggest that this difference was presence from a very early age. 
Anatomy 
The adult labrurn is a circumferential fibrocartilagenous structure, variably 
attached to the glenoid rim, providing a site of attachment for the 
glenohumeral ligaments. The radial thickness, from its inner to outer 
circumference, varies from 2 mm inferiorly to 11 mm superiorly, and is 
between 5 mm and 9 mm deep, suggesting this fibrocartilagenous 
structure contributes to the glenoid depth by 30% to 50% (Howell and 
Galinat 1989; Lippitt and Matsen 1993). It has been described as having 
a triangular cross-section superiorly and as a more rounded elevation 
inferiorly (Cooper et al. 1992). 
The anterosuperior region is the most inconsistent area of the labrum and 
at arthroscopy there may be a complete absence of any labral tissue in 
this region (1.5%), a sub-labral foramen (11.9%) (Rao et aL 2003) or a 
mobile labrum (26%) (Davidson and Rivenburgh 2004). However, 
anatomical dissection studies have suggested the incidence of a sub- 
labral recess may be as high as 74-85% (Harzmann et al. 2003) (WaIdt et 
aL 2006) with a sub-labral foramen in 11 % (Waldt et aL 2006). A sub- 
labral foramen or hole being defined as a complete detachment of the 
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labrum from the glenoid, as opposed to a sub-labral recess or sulcus, 
where the labrum is lifted off the glenoid at the articular surface, but there 
is still a deeper attachment. It is probable that the variation in this region 
is due to both the embryological development and confusion, or at least 
non-uni ormity in nomenclature and recognition of these variables. 
If this area has been derived from tissue other than the labral anlage, it is 
likely to have different mechanical properties. This may make it more 
susceptible to injury during further growth and could produce the wide 
range of variants seen in the adult shoulder. There is certainly an 
increasing prevalence of structural defects and tears with age (Prodromos 
et al. 1990; Pfahler et al. 2003; Clavert et aL 2005) and it has been 
hypothesised that detachment in this region may represent a secondary 
synovialised labral tear sustained in the second decade of life (De Palma 
et aL 1949; Prodromos et aL 1990). The labrum may therefore have a 
loose attachment, attachment to the middle or inferior glenohumeral 
ligament or no attachment at all (Cooper et aL 1992). 
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Figure 2. Common findings in the anterosuperior quadrant. 1) 'normal' 
anatomy, 2) Sublabral foramen, 3) Buford complex, 4) Sublabral foramen 
and cord-iike middle GHL(Poweli et al. 2004). 
The Buford complex is an example of one of these variants whereby the 
anterosuperior labral tissue is absent and the middle glenohumeral 
ligament takes on a cord-like appearance (Buford et al. 1992; Williams et 
al. 1994). Inappropriate 'repair' of this 'lesion' can result in both pain and 
limitation of external rotation. 
As well as the glenohumeral ligaments, the biceps tendon inserts into the 
labrum. The point of insertion is variable, but will attach at some point 
between the anterosuperior and posterosuperior quadrant (Pal et al. 
1991; Vangsness, Jr. et al. 1994; Demondion et al. 2001; Tuoheti et al. 
2005). The presence of the glenohumeral ligaments seems to be 
inconsistent (Steinbeck et al. 1998; Ide et aL 2004), but when present, the 
superior and middle glenohumeral ligament attach between the 12 and I 
o'clock position, whereas the anterior-inferior glenohumeral ligament has 
a much more variable insertion from between 1 and 5 'o'clock (Ide et al. 
2004; Tuoheti et al. 2005) (The clock positions refer to a glenoid of a right 
7 
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shoulder, with the 12 o'clock position at the superior margin). A 
Posterior superior glenohumeral ligament has also recently been 
described, although this does not arise directly form the labrum (Pouliart 
et al. 2007). The long head of triceps, according to some authors (Hertz 
et al. 1986; Huber and Putz 1997), takes a partial origin from the inferior 
labrum as well as the infraglenoid tubercle. 
The labrum takes attachment to the underlying glenoid. This is classically 
described as tear-drop, or oval shaped (Anetzberger and Putz 1996) and 
has a small surface area when compared to that of the humeral head. It 
has a mean ante rior-posterior width of 27 mm, and a superior-inferior 
height of 34-35 mm (Lippitt and Matsen 1993; McPherson et al. 1997). 
The articular surface diameter of the humeral head varies from 36-52mm 
(Boileau and Walch 1997). As well as a difference in surface area the 
radii of the herni-ovoid hurneral head and the concave glenoid differ 
significantly (Soslowsky et aL 1992). The radius of curvature of the 
hurneral head is 23-24mm in ante rio r-poste rior plane and 21-23mm in the 
superior-inferior plane (McPherson et aL 1997; Hertel et aL 2002), 
whereas the radius of the glenoid is 32mm in the anterior-posterior plane 
and 41mm in the superior-inferior plane (McPherson et al. 1997). The 
bony glenoid depth is 5mm in the superior-inferior plane, but only 3mm in 
the ante nor-posterior plane (McPherson et aL 1997). In summary, the 
bony dimensions demonstrate a large well-rounded humeral head 
balancing on a much smaller, shallow, relatively flat glenoid with unequal 
radii in the two planes. This allows for a large range of movement, but 
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does not produce a stable joint without substantial additional support by 
the soft tissues. These additional soft tissues are described as either 
passive or active stabilisers. The active stabilisers are the actuators that 
are also involved in moving the joint: the superficial muscles such as the 
deltoid, and the deep muscles of the rotator cuff. The static stabilisers 
include the capsule, gleno-humeral ligaments and the glenoid labrum. 
Microscopy 
Figure IA radial section of the labrum at x 10 magnification (Hill et al. 
2008). 
Microscopy of the labrum has again caused confusion as to it's exact 
structure with some studies describing the labrum as a fibrocartilagenous 
structure containing dense cartilaginous fibrous tissue and chondrocytes 
(Prodromos et al. 1990; Nishida et al. 1996), whereas others describe the 
labrum as a fibrous structure with a small fibrocartilagenous transition 
zone between the hyaline cartilage and the fibrous labral tissue (Moseley 
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and Overgaard 1962; Cooper et al. 1992; Huber and Putz 1997). This 
discrepancy may be due to both nomenclature and the exact position of 
the labrum from which the specimens were taken. 
It has been demonstrated that the labrum is only vascular in its outer third 
and appears to obtain its blood supply from the periphery rather than the 
underlying bone. The superior and anterosuperior regions being less 
vascular than the inferior and posterior regions (Cooper et aL 1992). The 
suprascapular artery, circumflex scapular branch of the subscapular 
artery and the posterior circumflex humeral artery all contribute to the 
blood supply of the labrum (Cooper et aL 1992). 
It is known to contain free nerve endings in its periphery (Vangsness, Jr. 
et aL 1995) and there is a suggestion that the labrum may be needed to 
allow full proprioceptive feedback (Machner et al. 1998), however as yet 
there is no conclusive evidence. Golgi's, Ruffini's, and Pacini's corpuscles 
as well as free nerve endings have been found in the glenohumeral 
ligaments, whereas the biceps tendon and labrum contain only free nerve 
endings (Guanche et aL 1999). 
Both Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) have helped to demonstrate the collagen architecture 
of the labrurn (Nishida et aL 1996; Hill et al. 2008). This has revealed 
three layers. The superficial layer with randomly orientated and loosely 
packed collagen fibres, thought to aid in lubrication. An intermediate 
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layer and the core layer, which forms the bulk of the tissue. Within this 
core layer the collagen fibres are tightly packed and well orientated in a 
circumferential manner. However, there is vertical, oblique and 
interweaving fibres anchoring the labrum to the underlying bone. There is 
connection between the labrum and the capsule, GHL's and biceps 
tendon with intermingling of fibres (Nishicla et al. 1996). No study has 
specifically commented on microscopic differences between the regions 
of the labrum. 
Figure 4. SEM images of the core layer, the intermediate layer and the 
superficial articular layer (Hill et al. 2008). 
The role of the labrum 
The exact functional role of the labrum is still undefined. It has been 
theorised to function as a chock-block, increasing the glenoid depth and 
resisting translation (Matsen, III et al. 1991; Lippitt and Matsen 1993). 
Concavity compression is an extension of this postulate, whereby the 
humeral head is compressed into the cavity of the glenoid by the rotator 
cuff musculature, further stabilising the shoulder. This mechanism has 
been calculated to increase stability by 10-20% (Lippitt and Matsen 1993; 
Fehringer et al. 2003) with an intact labrum and may be due to its role in 
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centralising the head within the glenoid (Fehringer et aL 2003). The 
labrum also helps to maintain a negative intra-articular pressure within the 
joint, which itself confers stability (Habermeyer et al. 1992); the 
magnitude of this effect has not been quantified. Loss of the anterior- 
inferior labrum in cadaveric specimens has been shown to decrease the 
contact area of the articular surface of the glenohumeral joint and 
increase the mean contact pressure (Greis et aL 2002). 
Huber and Putz (Huber and Putz 1997) proposed the periarticular fibre 
system of the shoulder, which includes the GHL's (glenohumeral 
ligaments), the labrum, the long head of triceps and the long head of 
biceps forming a complete ring of ligamentous and tendinous tissue that 
runs through the labrum in continuity. Their study of 42 cadaveric 
shoulders demonstrated the superior GHL inserting into the anterior 
aspect of the biceps anchor of the superior labrum. The biceps tendon 
then runs into the posterior labrum as far as the posterioinferior quadrant. 
In the inferior area fibres from the long tendon of triceps run back into the 
labrum and this tendon often (38%) has fibres running into the anterior 
part of the inferior labrum. This is the insertional point of the inferior GHL, 
which they then describe joining the superior GHL by a 'band of tissue ) 
spanning the anterosuperior quadrant and completing the ring. In 
agreement with this, other authors have also demonstrated a connecting 
band from the inferior GHL of the anterior inferior labrum to the biceps 
tendon (Tuoheti et al. 2005). This periarticular fibre system is proposed 
as a tension brace to buttress against the humeral head and spread the 
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pressure over a wide area. They do not comment on the presence of the 
middle GHL at all. 
7/ 
Figure 5. Original diagrammatic presentation of the periarticular fibre 
system taken from Huber and Putz (1997). 
Interestingly the Buford complex (Williams et al. 1994) may actually be 
the band described by Huber and Putz from the IGHL to the SGHL. Even 
a 'normal' looking MGHL may be the same band and highlights the 
difficulty in interpretation of the anatomy. 
Clinical implications 
Although there are many hypotheses on the function of the labrum, there 
is agreement that it aids in stability of the shoulder. The shoulder is the 
most mobile joint in the body, but is also the most commonly dislocated 
joint in the body, with an incidence reported at 1-1.7% of the adult 
population (McFarland et al. 1996) (Hovelius 1982). The prevalence of 
13 
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recurrent shoulder dislocation under the age of 21 is 19.7 in 10,000 for 
males and 5 in 10,000 for females (Milgrom et al. 1998). There has been 
multiple pathological lesions of the capsular-labral complex described 
associated with shoulder dislocation or recurrent subluxation. 
The mostly commonly associated with an anterior dislocation is the 
Bankart lesion. This was originally described as a detached segment of 
the anterior-inferior labrum with its attached inferior glenohumeral 
ligament complex (Bankart 1923). It has been found in 39% of first time 
dislocators as seen on MR arthrograrn (Antonio et al. 2007), 75% as seen 
on plain MRI (Widjaja et al. 2006) and as high as 83- 97% in the young 
patient seen at arthroscopy (Taylor and Arciero 1997; Yiannakopoulos et 
al. 2007). 
/ 
- 
C 
1, 
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Figure 6. Position of rupture in Bankart lesion (Miles and Tasto 2004) 
However, the failure point in a Bankart lesion is at the interface between 
the labrum and the glenoid rim, or in a bony Bankart lesion failure is 
within the glenoid bone itself. This is not an injury of the mid-substance 
of the labrum. 
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An ALPSA (Anterior labrocapsular periosteal sleeve avulsion) lesion 
differs from a Bankart lesion in that the periosteum of the anterior 
scapular does not rupture (Neviaser 1993). A variant of the ALPSA 
affecting the superior part of the anterior labrum has also been described 
(Atay et al. 2002). Neither or these lesions compromise the labrum itself. 
jjelý , 
Figure 7. A T2 weighted MRI imaging demonstrating an ALPSA lesion 
(Atay et al. 2002). 
The POLPSA (posterior labrocapsular periosteal sleeve avulsion) lesion 
has been described predominantly in American football players with 
posterior shoulder instability (Mair et al. 1998; Yu et al. 2002; Escobedo 
et al. 2007). Although the original description was in a patient with a 
locked posterior dislocation (Simons et al. 1998). Again the point of 
failure is between the labrum and the glenoid, rather than the mid- 
substance of the labrum. 
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Figure 8. The POLPSA lesion demonstrating the point of injury between 
the labrum and glenoid (Simons et al. 1998) 
Kim's lesion appears to be a partial POLPSA with incomplete tearing 
between the posterioinferior labrum and the glenoid articular cartilage 
associated with multi or unidirectional instability (Kim et al. 2004). 
Figure 9. Original drawing of Kim's lesion (Kim et al. 2004). 
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Lesions affecting the Labrum 
Although all of the above lesions do affect stability of the shoulder, none 
are a direct injury to the labrum itself. The SLAP (superior labrum 
anterior and posterior) lesion is a tear of the labrum itself. The original 
terminology and classification was by Snyder et al. in 1990. 
Yr 
I 
my 
Figure 10. Types I-IV SLAP lesions as described by Snyder et al 
(Snyder etal. 1990), drawings from Powell et al. 2004. 
This described four lesions: 
Type I -fraying and degenerative of the superior labrum, but peripheral 
labral edge still attached to underlying glenoid 
Type 11 - detachment of the superior labrum and biceps tendon 
from 
underlying glenoid. Also has fraying and degeneration as Type 1. 
Type III- bucket handle tear of superior labrum. Remaining labral tissue 
anchored to glenoid rim 
Type IV - extension of displaced bucket handle tear into biceps tendon 
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Lesions have also been described similar to a Type 11 SLAP, but with 
associated detachment of articular cartilage and exposure of underlying 
cartilage (Choi and Kim 2004). 
Maffet et al. (1995) extended the classification to add a further three 
types. 
ul-1, - 
Figure 11. Extension of SLAP classification. Type VNII (Maffet et al. 
1995), drawings from Powell et al. 2004. 
Type V-a Bankart lesion that continues superiorly to include separation 
of the biceps tendon. 
Type VI - biceps separation with an unstable flap tear of the labrum. 
Type VII - superior labral biceps tendon separation that extends 
anteriorly beneath the middle GHL. 
In 1998 Morgan et al. sub-divided Type 11 lesion into three groups 
depending on the anatomical location of the lesion. 
18 
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Figure 12. Subdivision of SLAP 11 lesions: anterior type, posterior type 
and combined (Morgan et al. 1998), drawings from Poweli et al. 2004. 
More recently Nord and Ryu have added a further three types of lesions 
to the classification (Powell etal. 2004). 
Figure 13. Type VIII-X added by Nord and Ryu (Powell et al. 2004). 
Type VIII -a SLAP extension along the posterior glenoid labrum as far as 
the 6 'o'clock position. 
Type IX -a pan-labral SLAP injury extending the entire circumference of 
the glenoid labrum. 
Type X-a superior labral tear associated with a posterior-inferior labral 
tear. 
19 
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The classifications for SLAP lesions are arbitrary and can really be 
divided into three broad groups: 
1. Fraying / degeneration of the labrum (type 1) 
2. Detachment between the labrum and the glenoid (type 11, V, VII, VIII, IX 
and X) 
3. Mid-substance tears (type III and IV) 
Type VI appears to be a combination of a detachment and mid-substance 
tear. 
SLAP tears in general have been associated with shoulder dislocations 
seen on MR arthrogram in 14% of patients (majority type 11) (Antonio et 
al. 2007) and at arthroscopy in 7-20% of patients (Hintermann and 
Gachter 1995; Taylor and Arciero 1997; Werner et aL 2004; 
Yiannakopoulos et aL 2007). When seen at arthroscopy the majority (up 
to 81%) of SLAP lesions are Type 11 (Snyder et al. 1990; Maffet et al. 
1995; Snyder et aL 1995; Kampa and Clasper 2005; Yiannakopoulos et 
aL 2007; Park et aL 2008). Although other authors have described Type I 
as the most common lesion (74%) (Kim et aL 2003), especially in 
atraurnatic dislocations (Werner et al. 2004). Only type I and 11 SLAP 
lesions were found in first time dislocators, whereas all types including 
the more severe type III and IV were found in recurrent dislocators 
(Yiannakopoulos et al. 2007). 
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When present the frequency of the type of SLAP lesion found varied in 
the literature. From one study of 140 patients with superior labral injuries, 
21% were type 1,55% type 11,9% type 111,10% type IV and 5% were 
complex combined injuries (Snyder et al. 1995). A further study of 178 
arthroscopies showed there were 20.5% type 1,69.3% type 11,5% type III 
and 5% type IV (Kampa and Clasper 2005) and the incidence from 
another 139 cases were 74% type 1,21% type 11,0.7% type III and 4% 
Type IV (Kim et aL 2003). Amalgamating these results would give a 
combined incidence of 36% type 1,53% type 11,6% type III and 5% type 
IV. However, there appears to be a difference in reporting of type I 
lesions between studies and this poor inter-observer and intra-observer 
variability of the Snyder SLAP classification has been noted in the 
literature (Gobezie et al. 2008). The predominance of type 11 lesions for 
SLAP lesions undergoing repair has been shown (88% type 11,4% type III 
and 8% type IV) (Park et aL 2008). 
Although Snyder et al (1990) first coined the term SLAP lesion; the 
original description of injuries affecting the anterosuperior region of the 
labrum was by Andrews et al (1985). They reviewed 120 shoulder 
arthroscopies in symptomatic patients predominantly throwing athletes. 
95% of their patients had pain during throwing; other symptoms included 
subluxation and popping. 83% of the patients had a tear of the labrum in 
the anterosuperior region. They believed that injury to this part of the 
shoulder was associated with throwing and carried out further analysis by 
electrical stimulation of biceps tendon in-vivo. This demonstrated raising 
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of the superior portion of the labrum off the glenoid and compression of 
the hurneral head into the glenoid. They also used 3D high speed 
cinematography to show that external rotation during throwing reached up 
to 160 degrees. 
The motion of throwing was originally described by four stages - wind up, 
cocking, acceleration with ball release and follow through (Jobe et aL 
1983). 
This has been extended to six phases (Fleisig et aL 1996): 
1) Wind-up - shoulder in slight internal rotation with minimal 
shoulder abduction 
2) Early cocking - the arm gets abducted to 90 degrees 
3) Late cocking - relates to planting of the striding leg. Abduction 
and external rotation of the humerus, reaching up to 180 degrees 
maximal external rotation 
4) Acceleration - the humerus is internal rotated to the object 
release point at 90 degrees 
5) Deceleration - begins once the object is released with violent 
eccentric contraction of all muscles. Large compressive forces on 
glenohumeral joint (1000N) with posterior (400N) and inferior 
(300N) shear forces. 
6) Follow through - the body moves forward with the arm until 
motion stops 
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Andrews et al (1985) suggested that the high rate of humeral internal 
rotation, during the start of the deceleration phase, places large forces on 
the section of biceps tendon between the bicipital groove and its glenoid 
insertion. The biceps tendon also being important in the acceleration and 
follow through phases of throwing by the compressive force at the 
glenohumeral joint giving stability and stress protecting the humerus 
(Andrews et al. 1985). Certainly EMG studies demonstrate that biceps 
tendon's peak activity is during eccentric contraction in the deceleration 
stage immediately after ball release or follow through and appears to be 
relatively inactive during the acceleration phase of throwing (Jobe et al. 
1984). 
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Figure 14. A) position in late cocking and B) position in early 
deceleration (Kuhn et al. 2003). 
Snyder et al (1990) also acknowledged that throwing injuries were a 
mechanism of creation of SLAP lesions, but in their series only 8% were 
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caused by this mechanism. 48% were caused by a compression injury (a 
fall on the outstretched hand), 22% resulted from pure traction injuries 
and 22% were insidious in nature. They therefore felt that predominant 
cause of SLAP lesions was a combination of a compression force on 
superior joint surface and proximal subluxation force on humeral head. 
The injury to the labrum being caused by the pinching mechanism 
between the humeral head and the glenoid. They further postulated that 
if the proximally directed force continued, a traction tear of the rotator cuff 
may develop. Rotator cuff tears are associated with SLAP lesions in 31 - 
40% of cases (Snyder et al. 1995; Morgan et al. 1998). Whereas, 
external rotation of the arm on impact may lead to anterior propagation of 
the tear and anterior instability. Further abduction of the arm could cause 
Type III and Type IV lesions, helped by the strong reflex contraction of 
biceps (Snyder et al. 1990). 
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Figure 15. Original drawing of compression mechanism of SLAP lesions 
(Snyder et al. 1990) 
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Jobe described 5 structures at risk with 'posterior superior glenoid 
impingement'. This again is caused by impingement between the 
humeral head and the glenoid, but this time when the position of the arm 
is extreme abduction with external rotation or pure extreme abduction. 
One of these structures at risk is the superior labrum, which if injured 
resulted in a SLAP lesion. Any instability of the anterioinferior capsule 
causes anterior translation of the humeral head and further impingement 
(Jobe 1995). 
c 
Figure 16. Jobe's original diagram demonstrating the structures at risk 
with posterior superior impingement. 1) greater tuberosity, 2) rotator cuff, 
superior labrum, 4) inferior glenohumeral ligament and associated 
labrum in tension (Bankart) and 5) superior glenoid bone (Jobe 1995). 
Burkhart and Morgan (1998) proposed the 'peel-back' mechanism of 
initiation of type 11 Slap lesions. This suggests that a torsional force is 
applied to the posterior labrum through the biceps insertion in the 
externally rotated abducted position seen in late cocking. In this position 
the biceps tendon has a more vertical and posterior angle, resulting in 
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twisting of the base of the biceps tendon. This is often associated with 
contracture of the posterior and inferior capsule, which is commonly seen 
in pitchers who have a large amount of external rotation in abduction but 
a loss of internal rotation in abduction. This can either be a one off acute 
injury, such as a baseball base-runner who slides head first into base, or 
a repetitive injury in the throwing athlete. 
The peel-back test during arthroscopy recreates this externally rotated 
and abducted position to see if the injured labrum will peel back over the 
glenoid (Burkhart and Morgan 1998). In cadaveric studies this sign was 
demonstrated only when the biceps anchor and the anterior labrum were 
detached to the 1'o' clock position. None demonstrated the sign with just 
the biceps anchor detached on its own. Repair with a single suture at 
12.30 position eliminated peel-back test in all specimens (Seneviratne et 
al. 2006). 
A 
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tendon 
Figure 17. Superior view of A) resting position and B) external rotated 
and abducted shoulder, demonstrating the peel-back mechanism 
(Burkhart and Morgan 1998). 
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Certainly the position of the arm will influence the force applied to the 
shoulder by the biceps tendon and appears to acts as a posterior 
stabiliser in external rotation and an anterior stabiliser in internal rotation. 
(Pagnani et al. 1996). 
Figure 18. Arm position and line of force of biceps tendon (ER - external 
rotation, N- neutral, IR - internal rotation) (Pagnani et al. 1996). 
Therefore more than one mechanism for the creation of SLAP lesions has 
been proposed. The incidence of mechanisms involved reported by 
different surgeons is likely to reflect their caseloads, so that a sports 
surgeon may report nearly all of his cases being related to throwing for 
example. It maybe that the three broad groups of SLAP lesions 
described previously share a mechanism of injury within each group, but 
differ between groups and therefore should not be thought of under the 
same heading. The nomenclature of a tear should be limited to those 
affecting the mid-substance, as opposed to detachment. 
Also the anatomical variations that have previously been discussed may 
play a role in the susceptibility of a patient to SLAP tears. Certainly a 
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Buford complex has been noted to increase the rate of SLAP injuries 
(Nam and Snyder 2003; Bents and Skeete 2005). From 235 arthroscopic 
assessments 6 patients were found to have Buford complexes, of which 5 
(83%) had an associated SLAP lesion (predominantly type li). 
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Figure 17 Diagram (Nam and Snyder 2003) and arthroscopic picture 
(Bents and Skeete 2005) 
complex. 
Biomechanical studies 
of SLAP lesion associated with Buford 
Previous biornechanical studies of the glenoid labrum are limited. There 
have been simple shear tests around the circumference of the glenoid, 
which involved an increasing force applied to the labrum in a plane 
parallel to the surface of the glenoid (Reeves 1968; Hara et al. 1996). 
These studies concluded that the 4 'o'clock position was found to be the 
weakest and the 7 'o'clock position the strongest. However the 
interpretation of this work is limited, as this is testing the interface 
between the labrum and the glenoid rather than the labrum itself. 
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Recently more work has been aimed at the biomechanics involved in 
SLAP lesions, usually type 11 lesion and the effect these lesions have on 
the stability of the glenohurneral joint. 
Studies have been devised to try and recreate which loading scenarios 
may lead to a SLAP lesion. There is disagreement as to whether pure 
traction on the biceps tendon can create type 11 SLAP lesions, with some 
authors claiming it can (Bey et al. 1998) and others claiming it cannot 
(Costa et al. 2006). 
perior labral 
lesion 
lohg head of 
Biceps 
ý5 
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Figure 18. A and B) Uniaxial loading of biceps tendon leading to SLAP 
lesion in the neutral position (Bey et al. 1998) and C) during the late 
cocking phase of throwing (Rodosky et al. 1994). 
Other cadaveric studies have concentrated on the scenario during 
throwing with 25% of specimens creating a SLAP type 11 lesion, of which 
80% are created in late cocking position. This was produced with 
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cyclically loading the biceps tendon with maximal external rotation (>1 25 
degrees) and in 60 degrees of glenohumeral abduction and finally with 
uniaxial loading of the biceps tendon. Interestingly no other types of 
SLAP lesions were created in this scenario and the labral complex failed 
at lower forces in the late cocking position (289N) compared to the early 
deceleration position (346N). This caused the authors to postulate 
whether the thrower is more susceptible in late cocking as compared to 
early deceleration (Kuhn et aL 2003). 
Another simulation of the late cocking phase of throwing with further 
external rotation of the humerus 20% beyond its normal maximal external 
rotation also created SLAP 11 lesions. External rotation increased by 200 
after the artificial SLAP lesion was created and returned to near normal 
after repair. Anterior and inferior translation increased after the lesion 
was created, which was only partially restored after repair. The anterior 
capsule was significantly stretched in this experiment (Mihata etal. 2008). 
Using a dynamic cadaveric model the role of the biceps tendon during 
late cocking phase of throwing has been assessed (Rodosky et al. 1994). 
The shoulder became torsional stiffer with increasing force through the 
biceps tendon and hence more resistant to dislocation in the abducted 
and external rotated position. It has been hypothesised from this that the 
biceps in this position stabilises the shoulder by becoming an internal 
rotator, limiting external rotation and by compressing the head into the 
glenoid. 
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Further cadaveric work has demonstrated posterior and superior 
translation of the humeral head in the externally rotated abducted arm 
with a created posterior contracture. This may increase contact between 
hurneral head, labrum and rotator cuff in late cocking with internal 
impingement (Grossman et al. 2005). 
latrogenically created SLAP 11 lesions, using an arthroscopic knife-rasp, 
have resulted in an increase in both AP and SI translation. If a force was 
applied to the long head of biceps in the presence of this lesion it did 
reduced the amount of translation significantly, but not back to the 
amount seen in the intact specimen. It was also noted that a complete 
lesion led to functional lengthening of biceps tendon, which in vivo could 
reduce the amount of force generated by the biceps muscle and may lead 
to further instability (Pagnani et aL 1995; McMahon et aL 2004). In the 
intact cadaveric model, loading of the biceps also significantly reduced 
the amount of translation in all directions with biceps centralising the 
humeral head rather then depressing it (Pagnani et al. 1996). Other 
authors have also created an artificial SLAP 11 tears (elevated under 
direct vision) in cadaveric specimens, they also demonstrated an 
increase in AP translation and also the amount of external and internal 
rotation. These both returned to normal after repair (Panossian et al. 
2005). A repair of a simulated type 11 lesions in a similar set up also 
decreased the translation, but not to the pre-injury level (Burkart et al. 
2003). 
31 
1. INTRODUCTION 
The only biornechanical testing of the labrurn itself has been compressive 
testing on embalmed specimens (Carey et aL 2000). Three pairs of 
shoulders were studied and the labrum was divided into 6 areas and 
tested whilst still attached to the glenoid. A flat-ended 1.25 mm diameter 
stainless steel indenter was applied at a rate of 200 mm/min to the top 
surface of the labrurn. They found the elastic modulus to be greater in 
the superior part of the labrum compared with the inferior sections and 
they also noted that the dominant side, of each shoulder pair, consistently 
had a thicker labrum. Formalin fixation used in this study has been 
shown to change the biornechanical properties of tissues (Wilke et aL 
1996). There is also the problem with the non-uniformity of the 
specimens. Each section tested had a different size and shape, which 
meant the indenter, would not make uniform contact with the labral 
surface. 
Three dimensional finite element modelling of the superior half of the 
glenoid and labrurn with long head of biceps has been attempted for the 
different phases of throwing. This assumed an isotropic elastic moduli of 
both the labrurn and biceps to be 241 MPa. Maximum stress through the 
superior labrum was found during deceleration (Yeh et al. 2005). 
However, no verification of this has been performed and using an 
isotropic elastic moduli is far too simplistic. 
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Summary 
In summary the literature shows form both embryological and anatomical 
studies that the anterosuperior region of the labrum is different to the 
remainder of its circumference. The histology suggests that it is 
essentially a structure designed to resist circumferential tensile loading. 
The superior region of the labrum appears to the most prone to intra- 
substance tears. Multiple theories for the mechanism of tearing have 
been proposed, but essentially the two schools of thought are that the 
labrum is either pinched or compressed with internal impingement, or the 
labrum is pulled directly or twisted off by the biceps anchor. Therefore 
the mechanism of failure may be by compression, direct tension, or 
torsional tension. The biornechanical studies in the literature have 
confirmed that all three types of mechanism can create a SLAP lesion. 
Once present, a SLAP lesion will result in increased translation of the 
humeral head on the glenoid. The biceps appears to be a compressive 
stabiliser of the hurneral head both with and without a SLAP lesion. This 
research has predominantly looked at type 11 SLAP lesions. It is unlikely 
that type 11 lesions will progress to type III or IV as they have different 
points of failure. Therefore the mechanisms of injury for each type of 
SLAP lesion may be different. 
One element of the literature that is missing is the tensile and 
compressive properties of the labrum. Knowledge of these may help to 
explain why the superior area of the labrum is prone to tears and may 
demonstrate that the mechanical properties of the anterosuperior region 
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of the labrum is different to the rest of the labrum, as is suggested by the 
embryology and anatomy. 
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Intra-articular tissue testing -a review of the 
current literature 
To ensure that appropriate testing was performed and that the results 
obtained were both meaningful and ideally comparable, a full review of 
the literature on the testing of intra-articular tissue was undertaken. 
The previous biornechanical studies of the glenoid labrum and other intra- 
articular tissue do show huge variations in the specimen preparation, 
protocols, and testing environments used. This discrepancy makes it 
extremely difficult to compare results from different units and between 
different tissues. The rationale behind the protocols are rarely stated and 
even more rarely backed up with evidence for their use. It was therefore 
understood from the beginning that some knowledge would be missing 
from the literature, but the theoretical ideals when designing 
biornechanical tests for intra-articular tissues should be concluded. 
Specifically the aim was to determine the physiological basis for the 
testing environments and protocols and clarify how mechanical terms 
relate to clinical scenarios. The clinical questions of interest include how 
tissues function during normal physiological loading, how their 
biornechanical function translates into native tissue loading, and hence 
what loads are to be expected in reconstructed tissues? 
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The application of any of the different testing protocols depends on the 
definition of variants. In addition, these results are mostly presented in 
terms of models of the function of the tissues in the testing situation, in 
order to constrain a highly complex structure to that which might be 
interpretable. As can 'be imagined, this frequently bears little relation to 
the in-situ function of the whole tissue that is the interest of the clinician. 
Primarily, intra-articular tissues are tested in vitro, and therefore, outside 
their normal biological and mechanical environment. However, as in situ 
testing is theoretically prone to significant errors due to experimental 
intricacy, and thus rarely practiced, in vitro testing is commonly conducted 
as the most reliable form of investigation. Therefore, in order for the 
resulting data to be clinically relevant, experimentation must take place in 
an environment recreating physiological conditions and physiological 
loading rates. 
The review is broken down into different areas of design study and covers 
biornechanical studies of articular cartilage, labrum, intra-articular 
ligaments and the meniscus. 
Functional anatomy 
To understand the relevance of specific mechanical measures that are 
presented for each material, the normal physiological loads placed on 
intra- and peri-articular soft tissues must first be understood. Biological 
materials are usually anisotropic, viscoelastic and inhomogeneous, so 
different results may be produced for the same tissue, depending on the 
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direction the force is applied (longitudinally, transversely or radially), the 
type of force applied (tensile, compressive or shear), the layer within the 
structure that is tested (articular surface or mid substance) and the 
loading history or rate of loading. The most useful data are the 
biornechanical properties of the tissue in a situation that mimics its normal 
role within the joint. However, inconsistencies arise due to the difficulty of 
determining these parameters. Despite these inconsistencies, a number 
of different methods of measuring or approximating some of the 
biornechanical variables have been presented. 
Joint reaction forces can be estimated using ýequilibrium analyses that 
use variables such as muscle physiological cross sectional areas (Amis 
et al. 1980; Keating et al. 1993; Juul-Kristensen et al. 2000; Toshiaki et 
al. 2005), and the measurement of muscle moment arms from cadaveric 
studies (Amis et aL 1979; Hughes and An 1996). However, this produces 
a static appreciation and does not account for differing patterns of muscle 
recruitment. By combining these techniques with EMG studies (Chang et 
aL 2000; Elias et aL 2006), and predicting muscle forces using 
mathematical optimisation techniques (Duda et aL 1997; Fisher 2000; 
Heller et aL 2001) a more dynamic picture can be built. For example, 
minimisation of the sum of individual muscle stresses squared can be 
used for analyses of walking, because it can be related to maximimising 
endurance (Crowninshield and Brand 1981). Even with this added 
information, load rates and the directions in which these forces act on the 
intra-articular tissues are difficult to predict. 
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Other methods have been used to measure tensions in soft tissues in- 
vivo. This usually entails placing a transducer that deflects the path of the 
load-bearing fibres. This was first described in animal models (Xu et al. 
1992; Glos et al. 1993; Holden et aL 1994), using a pressure transducer 
placed in a split within the tendon, and limited studies have been 
performed in humans (Beynnon et aL 1992; Fukashiro et aL 1995; 
Dennerlein et al. 1998; Ballard et al. 1998). Direct muscle force 
measurement have also been obtained within the shoulder musculature 
(Bull et al. 2005). 
Mathematical models can assist in calculating muscle and joint forces, 
but a direct method of measuring joint reaction forces is the theoretical 
ideal. Pressure transducers placed within joints in-vivo are a possible 
solution. Obviously this data is sparse, but has been achieved within 
inter-vertebral discs (Wilke et aL 2001; Lisi et aL 2006). Data has also 
been obtained in some prosthetic joint replacements, mainly within the 
hip (English and Kilvington 1979; Bergmann etaL 1984; Davy et al. 1988; 
Hodge et aL 1989; McGibbon et aL 1997; Park et aL 1999; Bergmann et 
al. 2001) and more recently from the glenohumeral joint (Bergmann et al. 
2007) and knee (Zhao et aL 2007). These transducers within prostheses 
can measure the forces on the joint surfaces during everyday activities. 
For example in the shoulder, contact forces were measured in 7 patients 
using 6 semi-conductor strain gauges within a hemi-arthroplasty and 
showed that forces reach 85% BW during abduction, 120% at 120 
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degrees forward flexion and around 100% BW even with hair combing 
and lifting daily items (Bergmann et aL 2007). 
It is therefore possible to know what loads are encountered during 
specific activities in both magnitude and direction and at what rate these 
forces load articular tissues. In conjunction with data relating to contact 
areas and cartilage properties (Daniel et al. 2001; Iglic et al. 2002), it is 
possible to estimate the stress on the articular cartilage and the loading 
rates involved. However, there are problems with data collected from 
these joint space measurements. It will only give the gross force applied 
to the joint surface and not be able to breakdown this data in to the 
distribution of the force along each axis. Also, because the transducer is 
within a prosthetic implant or inside a tendon, it will undoubtedly change 
the characteristics of load transmission by the tissue within the joint. The 
ideal scenario is to have full knowledge of in-vivo loading and loading 
history that has been obtained non-invasively, however, no such study 
has been conducted. 
By examining the anatomy of intra-articular tissue, data on the collagen 
bundle orientation, locations of ligamentous attachments, anchoring 
mechanisms, blood supply and nerve receptors can be obtained (Cooper 
et al. 1992; Edwards et aL 1994). This not only gives information about 
likely forces passing through the tissue and it's associated structures, but 
may explain other functions such as proprioception (Vangsness, Jr. et al. 
1995; Kim and Azuma 1995) and the potential for healing after injury. X- 
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ray diffraction and polarised light microscopy can demonstrate the 
orientation and crimping of collagen fibrils within articular tissue, as well 
as split lines indicating the orientation of the highest tensile strength 
(Kempson et aL 1968; Aspden et al. 1985; Muehleman et aL 2004). The 
anisotropy of intra-articular tissue has been demonstrated (Leslie et al. 
2000; Jurvelin et aL 2003; Huang et al. 2005) and by interpreting these 
biornechanical results with a knowledge of the collagen microstructure, a 
picture of the structural behaviour of the tissue can be built (Fithian et aL 
1990). 
Imaging of the fine structure of tissues can give an indication of the 
function of the tissue by demonstrating the type, configuration and 
orientation of the collagen network within the tissue. For example, in 
addition to conventional histology, the SEM studies of the glenoid labrum 
(Nishida et aL 1996; Hill et aL 2008) have demonstrated three distinct 
layers, the deepest of which shows a tightly packed collagen network 
which runs circurnferentially around the glenoid; this suggests that the 
labrurn is designed to withstand circumferential tensile stress during 
movement. Similar SEM studies have been performed for the meniscus 
(Petersen and Tillmann 1998), hip labrum (Petersen et al. 2003) and 
articular cartilage (Hirotani and Ito 1975; Chai and Tang 1990). 
At a smaller scale, Transmission Electron Microscopy (TEM) allows 
collagen fibril density and morphology to be examined, which relate to 
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tissue properties (Neurath and Stofft 1992; Montella et al. 1992; 
Kapitonova and Mansor 2003; Hill et aL 2008). 
By interpreting the gross anatomy, histology SEM and TEM findings, an 
appreciation of the functional anatomy of the tissue in question can be 
created prior to experimentation in-vivo. This can be taken further by 
functional modelling of joints, and the tissues within them. The aim of any 
modelling system is to predict the behaviour of a particular tissue under 
various conditions. In modelling systems that involve soft tissues, 
variables necessary for the model construction are frequently not known 
and possibly derived by methods other than direct experimentation. 
Hence, often, for the estimation of such variables, optimisation 
techniques are used, but it is preferable that they are verified by obtaining 
experimental data. 
Most of the modelling of intra- and peri-articular soft tissues has been 
described for articular cartilage, but can to some degree be extended to 
include labra and menisci. Articular cartilage has been described using 
several models; initially it was described using the single phase or elastic 
model (Hayes and Mockros 1971). This progressed to the more 
commonly used biphasic model (Mow et al. 1980), which accounts for the 
fluid phase of the cartilage that protects the underlying collagen- 
proteoglycan solid matrix from excessive deformation. The viscoelastic 
property of cartilage as defined by the biphasic model has been shown to 
be dependent on the fluid flow within it's matrix and to account for the 
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compressive creep, stress relaxation and dynamic loading (Mow et aL 
1980; Soltz and Ateshian 2000) seen in cartilage. However, it does not 
predict the response of articular cartilage under all loading conditions and 
with the use of finite element modelling, more progressive poroelastic 
(Ferguson et al. 2001) and fibre-reinforced (Soulhat et al. 1999) models 
have been introduced. More detailed reviews of the function of intra- 
articular tissues and different models proposed for intra-articular tissue 
have been presented (Goldsmith et aL 1996; Hansen et aL 2006). 
Mathematical modeling is a useful tool to predict and explain the 
behaviour of soft tissues, but can fall short due to the anisotropic and 
inhomogeneous nature of intra-articular tissues and must be validated by 
experimental work. Furthermore, all these variables apply and vary 
regionally within each individual, and there is a further spectrum of inter- 
individual variability of tissue properties, related to age, activity and other 
biological factors. However, in vivo data are lacking. 
Direction of loading 
Testing regimes can be used to derive the compressive, tensile and 
shear properties of a material. It is important to understand the 
predominant function of the tissue being tested; for example, the results 
of compressive testing of tendons offers little information to the clinician, 
because tendons function in tension. However, tendons that act by 
wrapping around bone such as the biceps tendon of the shoulder must 
also be able to resist transverse compression. Thus, it is important to 
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state the specific scenario modeled. More intuitively, compressive testing 
is useful for load bearing tissue such as articular cartilage, but it must be 
remembered that during localised compression the surrounding cartilage 
tissue will be subject to radial and circumferential tension and shearing 
stresses. 
Tensile testing must be conducted along the axis of force anticipated 
within the in situ tissue; indeed, many biological tissues can 
accommodate significant tensile forces in one axis, although failure at 
lower loads is achieved in tension of the tissue if this axis is not 
adequately replicated. 
Shear testing can also be performed in compression or in tension. 
However, the multidirectional nature of loading and the complex soft 
tissue deformation induced can be difficult to interpret. 
In reality, tissues are loaded to a greater or lesser extent in a variety of 
ways during day-to-day activities. To help define the properties of 
biological tissue, this must be broken down to each constituent force. 
However, this may over simplify the situation in some tissues, and 
therefore combination loading may be an appropriate solution to testing 
limitations, although the results produced will inevitably produce greater 
complexity in interpretation. 
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Time Dependency and Loading History 
As all intra-articular tissues are viscoelastic, they demonstrate creep and 
stress relaxation. Creep is produced when a material is kept under a 
constant load and the dimensions of the material change with time. 
Undoubtedly all joints undergo creep; the most obvious example would 
be static standing for a period of time allowing a gradual deformation of 
the cartilage in any of the weight bearing joints of the lower limb. This can 
also occur during cyclical loading of a joint; this change in volume of 
cartilage has been shown with MR scanning of patellar cartilage after 
exercise (knee bends) (Eckstein et al. 1998; Eckstein et al. 1999); a 
reduction in the cartilage volume of around 6% was demonstrated, and 
recovery took more than 90 minutes. 
Constant load applied 
I 
Creep 
time time 
Figure 19: Diagrammatic representation of creep and stress relaxation for 
a viscoelastic material. 
Stress relaxation is shown when a material is held at a constant 
deformation, and gradually requires less force to maintain this 
Constant extension applied 
load 
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configuration as time progresses. Cyclical stress relaxation can also be 
demonstrated, when the peak load reached decreases at the same 
position of elongation, as the number of cycles applied increases. Again 
this may occur during repetitive movements in day-to-day activities. 
Both creep and stress relaxation are likely to aid in conditioning the 
tissues to prolonged force or elongation and reduce the stress in the 
tissues to avoid fatigue failure. These two mechanisms will occur 
simultaneously within the joint and will precondition the tissues by altering 
their performance. 
It has been shown that precycling can increase the Young's modulus 
significantly in the patellar ligament (Schatzmann et aL 1998). 
Viscoelastic tissues have different responses to loading depending on 
their loading history. 
The key question is how much preconditioning is present in the joints 
prior to loading. Undoubtedly all tissues will be preloaded to some degree 
by slight alterations in muscle tension even during relative inactivity. It is 
important to take this into consideration when testing specimens, as the 
effects of deep freezing should be alleviated prior to testing and present 
the tissue in a more physiological state. The specimen should be brought 
to a quasi-static state prior to testing by precycling to a low strain, 
typically below 5%, as strains above this level have been shown to cause 
permanent structural damage in ligaments (Provenzano et aL 2002). The 
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full relationship between the biornechanical properties of intra-articular 
tissue before and after periods of stress relaxation or creep has not been 
well defined, but these effects should be taken into consideration when 
developing experimental protocols. 
The methods of testing tissues described in the literature can be divided 
into those that are tested 'in-situ' connected to at least some of the other 
tissues in the joint of study, rather than prepared or machined specimens 
which have been removed from the joint completely and are tested in 
isolation. 
Whichever method is used, it is important to control the testing 
environment and try to emulate normal physiological conditions. Certainly 
hydration status (Haut and Haut 1997; Race et al. 2000), temperature 
(Chae et aL 2003), bathing solution (Chimich et aL 1992), loading rate 
(Pioletti et aL 1999; Race et aL 2000) and preloading regime 
(Schatzmann et al. 1998; Provenzano et al. 2002) have all been shown to 
influence the results obtained. The ideal situation would be a bathing 
solution of synovial fluid at body temperature; however 100% humidity 
has also been shown to prevent water uptake or loss, if kept at body 
temperature and can be used as an alternative (Tkaczuk 1968). 
46 
2. INTRA- ARTICULAR TESTING 
In-situ testing 
Gross testing of intra-articular tissues can be performed 'in-situ' with the 
tissue in question still being attached to the joint. This can be useful when 
a specific pathology is in question. For example pathology of the inferior 
glenohumeral ligament has been related to instability. It has been tested 
in the position of apprehension and information can be gathered 
regarding it's tensile strength, plastic deformity and area of failure in 
different age groups (Lee et al. 1999; McMahon et al. 2001). In this 
situation the ligament was still associated with the 'glenoid-soft-tissue- 
humerus complex'. This takes into account all the associated soft-tissues 
around the ligament that give it increased strength. This offers the most 
direct data to the clinician with regard to a very specific pathology, but 
provides little information about the biomechanical or material properties 
of the individual structure. 
By isolating the structure in question, its percentage role in a particular 
function can then be defined. For example this may help in considering 
whether a repair of the capsule and ligament is needed following injury or 
an isolated repair of the ligament alone. 
However, 'in-situ' testing will often test the junction between two tissues, 
rather than the tissue itself. For example within the shoulder, shear 
testing (Reeves 1968; Hara et aL 1996) of the labrum has been 
performed, whereby increasing loads were applied to the labrum parallel 
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to the face of the glenoid and perpendicular to the glenoid edge. Both of 
these studies demonstrated that the 4 o'clock position (in a right 
shoulder) was the weakest, and the 7 o' clock position the strongest. This 
may help to explain why the Bankart lesion (Bankart 1923) is associated 
with dislocation of the shoulder. However, both studies concluded that the 
point of failure was the interface between the labrum and the articular 
cartilage. Therefore these studies were testing this interface, rather than 
the strength of the tissue of the labrum itself. 
Compression testing 'in-situ' is more limited, as it will usually involve 
compression of the tissue and underlying bone as a composite. If the 
complete construct can be maintained then geometry artefacts can be 
accounted for. The approach most commonly taken is by indentation 
testing. This has been used 'in-situ' for intra-articular tissues. The result 
for an individual specimen will vary according to the size, shape and 
material used to cause the indentation, and at what speed this indentation 
takes place. This method has been applied to the labrum (Carey et al. 
2000) and articUlar cartilage (Jin and Lewis 2004). 
If the instantaneous indentation depth, indenter geometry and 
undeformed cartilage thickness at the test site are known, then the 
compressive modulus can be calculated (Shepherd and Seedhom 1997). 
It has been stated (Shepherd and Seedhom 1997; Shepherd and 
Seedhom 1999) that, despite the biphasic nature of intra-articular tissue, 
no movement of fluid occurs if it is loaded rapidly (20-30ms) and the 
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articular cartilage effectively responds as an elastic material, resulting in a 
substantially higher apparent modulus when compared to results 
obtained after 2 seconds of loading that will include fluid flow and creep. 
These authors also suggested that these rapid loading rates are within 
the physiological range in the lower limb during normal activities. These 
types of tests can be conducted in-situ or with prepared specimens. Both 
approaches have drawbacks: because of non-uniform geometry, with in- 
situ testing the contact surface may not be flat or perpendicular to the 
axis of compression. This can lead to difficulties in accounting for the 
instantaneous area of contact between the indenter and testing surface. 
With prepared specimens and flat ended indenters there can also be 
issues relating to edge cutting or stress concentration effects rather than 
pure compression, so some studies have used spherical indenters. 
Simha et al (2004) developed a micro-penetration indentation technique 
for cartilage to calculate fracture toughness. This involved penetration of 
an indenter to depths of around 100pm. They argued that cartilage fails 
by fibrillation and crack formation and therefore this method is recreating 
these situations. SEM studies (Clark and Simonian 1997; Lewis and 
Johnson 2001) have concluded that cartilage does begin to fail by 
fibrillation and crack formation, but indentation by a sharp object will not 
be a common initiation of this failure, perhaps only occurring if a loose 
body is present within the joint. 
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If tissues are being tested in-situ, then the tests are often limited to 
loading the whole structure, such as a cruciate ligament within the knee. 
This does not give information on the material properties, for which 
variables such as load must be normalised versus the cross-sectional 
area of the structure to give the stress. Because of this, it is often 
necessary to isolate smaller specimens from joints, in order to obtain their 
dimensions accurately (Robinson et al. 2005). This is essential if one is 
interested in tissue quality, in order to measure the effect of therapeutic 
interventions, for example. It is also found that tissues are not 
homogeneous, and small specimens allow variations to be measured 
across, through, and along structures. 
Specimen Geometry 
In order to control some of the variables that can result from in-situ 
testing, tissues can be removed and made into uniform specimens. It is 
sometimes convenient to test the tissue as part of a larger specimen. For 
example, because it is difficult to grasp the fibres of a short, wide 
ligament such as the anterior cruciate ligament, it is usually tested as a 
link in a bone-ligament-bone complex. This will remove the problem 
related to failure at the gripping interface, but accurate assessment of 
specimen dimensions and deformations can be difficult and usually the 
outcome measure is defined only as an ultimate load and sometimes the 
extension to failure, rather than the Young's modulus (Kennedy et aL 
1976). Also not all intra-articular tissues are homogeneous and different 
layers within a structure may have different biomechanical properties. 
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This means that either the specimen must be separated into distinct fibre 
bundles for tests in-vitro (Butler et aL 1992) or else, for tests in-vivo, the 
location of the instrumentation within the anatomical structure must be 
defined preciseiy (Gupte et al. 2002). 
By cutting and preparing specimens, the dimensions can be defined 
accurately and it can be ensured that only the specific layer of interest is 
tested. This will also allow multiple specimens to be obtained from a 
single structure and is useful in comparing results at different positions 
within the joint. However, care must be taken in preparation of the sample 
for testing. This is particularly relevant, as the natural boundaries of the 
specimen will have been removed during preparation, making the 
specimen more susceptible to altered environmental conditions. The 
functional structure is also important in preparing the specimen as the 
position and direction of collagen fibres should be considered when 
cutting the specimens. For tensile testing isotropic specimens should be 
dumbbell shaped to ensure failure in the mid portion, but due to the 
anisotropic nature of the tissues this is often not possible; the collagen 
fibres may be cut obliquely during preparation and an already small 
sample will be relying on very few collagen fibres to be tested. Therefore 
the isthmus of the dumbbell will not consistently contain the same number 
of fibres and the specimen is likely to fail prematurely. Rectangular 
specimens are used, which still allow the Young's modulus to be 
obtained, but will not reliably demonstrate ultimate stress at failure 
(Ozkaya and Nordin 1999). 
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Clamp 
Test sample 
Clamp 
Rectangular Dumbbell 
Figure 20. Examples of rectangular and dumbbell tensile testing 
samples. 
Compression test specimens are typically tested between two flat plates, 
allowing their sides to bulge, and this is classed as 'unconfined'. 
Alternatively, the specimen may be fitted into a matching cavity in one 
plate, so that only the top surface can move - 'confined' testing. This is 
essentially an extension of indentation testing, but with a more tightly 
controlled environment, which only tests the material in question and the 
specimen has defined dimensions and machined surfaces. If the theory 
that rapid testing (Shepherd and Seedhom 1997; Shepherd and 
Seedhom 1999) allows no movement of fluid holds true, then identical 
moduli should be obtained under rapid testing for indentation, confined 
and unconfined compression. 
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Impermeable Impermeable Impermeable 
compressor indenter Semi-permeable compressor 
membrane ..... .......... .......... Test sample Test sample Test sample 
Impermeable Impermeable Impermeable 
w base base well 
Unconfined Indentation Confined 
Figure 21: Example of unconfined, indentation and confined compressive 
testing. 
A typical confined specimen will exactly fit the surrounding impermeable 
well and will be compressed with a highly-permeable flat indenter, which 
has a permeability of several orders of magnitude higher than the tissue 
being tested and is also an exact fit to the well (Ferguson et aL 2001). In 
this situation, during compression fluid can only escape through the 
permeable indenter and the speed of release will be defined by the 
permeability of the material used. It can be presumed that unless the 
indenter has an identical permeability to the tissue being tested then the 
results will be altered by this change in boundary characteristics. 
The other possibility is unconfined compression, whereby the tissue 
specimen is compressed between two impermeable plates that are larger 
than the sample used (Park et al. 2004). In this situation fluid is allowed to 
escape freely radially and compression testing in this situation will rapidly 
dry out the specimen, and in effect be testing only the solid matrix of the 
tissue. 
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Therefore two different moduli may be obtained from the two different 
types of compression testing and a range of intermediate values arising 
from different rates of deformation. How these are related to the in-situ, 
in-vivo situation is unknown. 
It may be appropriate to divide different testing regimes into 
'physiological' cyclic loading and acute loading. Physiological cyclical 
loading will keep the loading conditions well within the normal 
physiological limits found within everyday activities such as walking and 
other repetitive movements. Acute 'one-shot' loading endeavors to load 
the test samples rapidly, in order to recreate pathological conditions that 
will lead to failure of the tissue and would normally result in injury, giving 
data such as ultimate strength. These two types of testing are targeted at 
defining different properties of the tissue and will give very different data 
describing the properties of the same tissue due to the load rate and level 
imposed on the tissue. Again physiological cyclic loading could be 
considered a form of preconditioning and a period of physiological cyclic 
loading prior to acute loading will undoubtedly produce different results 
and more data per specimen than direct acute loading alone. 
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Presentation of data 
stress 
strain 
Figure 22. A typical stress-strain curve for a tensile test of intra-articular 
tissue. 
A typical stress-strain curve for a tensile test on an intra-articular 
specimen is shown above. The curve can be divided into several areas. 
It has been shown that resting collagen fibres are crimped when relaxed 
(Viidik 1972). In addition, due to the size of the attachment area of a 
structure such as a ligament, changing joint posture may cause differing 
patterns of fibre slackening or tightening across the cross-section. 
Therefore, within the toe region, the collagen fibres are both un-crimped 
and also recruited in transmitting the applied load (Viidik 1972). Once the 
linear portion is entered, all the fibres are extended equally and there is a 
direct proportional elongation of all the fibres with respect to the load 
applied. Failure of some part of the structure starts to occur at the yield 
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point, cy,., and the linear relationship between load and elongation, and 
reversible behaviour, are lost. This may result from failure of the load- 
bearing collagen fibres, or of the substances linking them to each other. 
However, the sample will continue to withstand further loading until the 
maximum or ultimate strength of the tissue, 
07U is reached, after which 
catastrophic failure occurs. 
Therefore, several different measures of a specimen's material properties 
can be presented in the literature, commonly ultimate stress, the strain at 
ultimate stress and the Young's modulus. The Young's (or elastic or 
tangent) modulus is a measure of stiffness, defined as the slope of the 
linear portion of a stress-strain tensile-test curve. However, it must be 
remembered that the previous loading conditions and loading rate can 
significantly affect the elastic modulus of viscoelastic material such as 
intra-articular tissue. This makes comparison between samples tested at 
different loading rates or a different loading history impossible. 
Ultimate stress, or the strain at ultimate stress, reflect pathological loads 
where the tissue is failing and therefore do not reflect the function of the 
tissue during physiological activities. It has been suggested that normal 
daily activities actually take place within the toe-region (Noyes et al. 1984; 
Beynnon and Fleming 1998; Cerulli et al. 2003), but as this area is non- 
linear and ill-defined, standardised data can not be easily drawn. 
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Conclusion 
There is no doubt that obtaining reliable and useful data for the 
mechanical properties of intra-articular tissues is difficult. There is 
considerably more experimental information relating to the loading 
conditions in the lower limb, and it is likely that the loading conditions in 
the upper limb are significantly different, due to the distinct primary 
functions of the upper and lower limbs. 
To obtain clinically applicable data, environmental conditions should be 
optimised to mimic the normal physiological conditions. Preconditioning to 
a quasi-static state should take place in the tissues in order to mimic the 
normal physiological conditions and to alleviate any detrimental effects of 
deep-freezing the tissues. Furthermore, the functional anatomy should be 
considered and investigated prior to designing testing regimes. 
During compression and tensile testing, the normal physiological rate of 
loading should be replicated, as the speed of testing is crucial and will 
affect the results considerably. With compressive testing, the confinement 
of the tissue will influence results and may result in only one phase of the 
tissue being tested. 
The influence of creep and stress relaxation on the moduli of tissues has 
not been well defined, but it must take place within the normal joint during 
day-to-day activities. Further work is required in this area to try to define 
how much preconditioning tissue is under during physiological conditions 
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and to what degree creep and stress relaxation affects the performance 
of a tissue. It could be speculated that this may relate directly to injuries, 
with patients who undergo sudden excessive activities without a prior 
'warm-up' or conditioning being prone to a higher rate of tissue injury. 
Important factors must be considered when designing the testing 
protocol, so that the information is useful for the clinician. It is hoped that 
the issues discussed here can be addressed during the design of the 
testing regimen. If addressed a more universal protocol will be produced 
that will allow easier comparisons between results and be more clinically 
relevant data. Clinically, this is of significant value, as infallible data can 
clarify the role of a tissue within the joint and guide the clinician when 
deciding which tissues require repair and in what direction the loading on 
that repair will take place. 
In summary, to obtain valuable results: 
1. All testing should take place under physiological temperature and 
hydration status. 
2. The direction of loading should be appropriate to the known function 
and microstructure of the tissue. 
Tensile testing should be conducted: 
Without preconditioning up to failure to represent an acute injury. 
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With preconditioning up to physiological strain levels and at 
physiological loading rates (based on the best available data) to 
represent physiological loading. 
4. Compressive testing should be presented as: 
'Instantaneous' data with rapid loading (20-30ms) without 
precycling to define the predominantly elastic contribution to the 
viscoelastic behaviour of the tissue. 
Slower loading rates (> 2 seconds) with cycling, or constant load or 
displacement tests, to define the poroelastic behaviour of the 
tissue via creep and stress relaxation. 
Ideally both forms of tensile testing and compressive testing should be 
performed in order to obtain a more complete picture, but this will be 
restricted by the number of specimens available for study. 
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Protocol design for specimen preparation 
In order to accurately obtain results to reflect the physiological conditions 
found in-vivo several design decisions were made based on the ideals 
presented in the previous chapter, using the best techniques accessible 
within the restrictions of time and funding available for this thesis. This 
chapter will therefore discuss the key problems and decisions made 
during the preparation of the testing samples and the testing 
environment. The next chapter will concentrate on the design of the 
testing protocol. 
The aim of the thesis was to obtain the biornechanical properties of the 
labrum in the orientation of their normal physiological loading. SEM 
studies have demonstrated that the majority of the labrum is composed of 
a deep core of dense highly orientated circumferential fibres (Nishida et 
al. 1996; Hill et aL 2008). This area appears to be capable of transmitting 
the tensile forces around the circumference of the labrum. It can be seen 
clearly with the naked eye on cross-section, because of the density and 
uniform orientation of the fibres. It was therefore felt that this region 
would give the most consistent test samples and comparable results. 
Samples would have to be isolated from this region and cut to allow 
tensile testing along the length of the circumference. 
With regard to the compression testing, the ideal area of both labra to test 
would be the superficial zone, as this contains an area of loosely packed 
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and randomly orientated collagen fibres that from their structure would 
appear to resist compression. However, the labrum is a composite of 
several zones with the fibre orientation differing within each zone. This 
superficial area is a minority of the cross sectional area and would not 
consistently yield enough tissue to test. The bulk of the cross-section is 
composed of the core zone, which is the only area that can be isolated 
without concern that more than one area was being tested in the sample. 
Due to its proportional size within the labrum it is likely that it also 
contributes to resisting compressive forces. Compression testing would 
take place perpendicular to the direction of the fibres on a sample taken 
from this core zone. 
Previous work has been performed on embalmed specimens (Carey et aL 
2000), but formalin fixation can significantly alter the biomechanical 
properties of tissue (Wilke et aL 1996). It was therefore decided to use 
fresh frozen specimens that had been frozen as close to the time of death 
as possible. All specimens used were stored deep frozen (-20'c) and 
prepared as quickly as possible before storage. Although there is 
evidence to suggest that freezing/thawing can alter the Young's modulus 
of collagenous tissue (Clavert et aL 2001), other groups have found no 
significant difference in mechanical properties of collagenous tissue after 
frozen storage (Viidik and Lewin 1966; Woo et al. 1986; Gleizes et al. 
1998; Moon et aL 2006). It was felt that this method of storage was likely 
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to cause the least alteration in biornechanical properties, but this should 
be taken into consideration when interpreting the results. 
Test sample dimensions 
The number of test samples obtained from each labrum would obviously 
be restricted by the dimensions of the labrum. The glenoid labrum is the 
smaller of the two, with both a smaller circumference and cross-sectional 
area. With this in mind the protocol was targeted at the glenoid labrum 
and in the knowledge that the dimensions would be accommodated within 
the acetabular labrum. The glenoid labral width varies from 2-11 mm, 
with a height ranging from 5-9 mm (Howell and Galinat 1989; Lippitt and 
Matsen 1993). Preliminary studies suggested the circumference of the 
glenoid was around 100 mm. With these dimensions some specimens 
would have very little cross-sectional area, but it was hoped that if a 
cross-sectional area of 1x1 mm could be achieved for the tensile 
specimens it would allow for multiple testing in nearly all specimens and 
still contain a significant number of collagen fibres. The diameter of each 
collagen fibre in articular cartilage is in the region of 20 nm, whereas 
those within tendons are around 100 nm, so the fibres within labral tissue 
are likely to be between these two dimensions. If the diameter is 
therefore taken to be 50 nm, then a1 mm cross-sectional area should 
contain 128,000,000 tightly packed collagen fibres. So any marginal 
cutting that could obliquely cut fibres should have a negligible effect on 
the overall number of aligned fibres and resultant material properties. 
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Standard tensile testing specimens are cut in a dumbbell shape so that 
the area of failure is uniformly in the central part of the specimen. 
However the size of the specimens being tested severely restricted the 
type of cutting used on the specimens, and no accurate method of 
producing dumbbell shaped specimens could be found. Also artificial 
weakening of the samples could occur in samples of this size, due to the 
discontinuation of the fibres at the central part of the specimen. 
Therefore rectangular test samples were used. 
For compressive specimens a spherical indenter of diameter 3 mm was 
to be used and in order to avoid edge effects, it was felt that the 
specimen should be at least 3 mm in width. It was predicted that not all 
of the labrum would be of an adequate size around the whole 
circumference to incorporate this, but compressive specimens of smaller 
dimensions would not allow for accurate testing. 
Ideally both a compressive and tensile test sample would be obtained 
from each region, so that the data could be compared later and so that 
more test samples could be collected for each type of testing. Even with 
these small dimensions it was predicted that not all areas would yield 
both a tensile and compressive specimen and if this was not possible, the 
tensile specimen would take preference. 
63 
3.1 SPECIMEN PREPARATION 
For the tensile testing specimens, the minimal length required was 
estimated to be 10 mm, this takes into account 2 mm at each end of the 
specimen for fixation to the clamp and a6 mm testing length. 
There are several key areas around the circumference of the labrum 
which were thought to have differing properties due to their anatomy, 
which will be described in further detail in a later chapter. 
Biceps Anchor I 
Biceps tendon 
Area of attachment of Superior 
Gleno-Humeral ligament 
PO 
Area of attachment of Middle 
Gleno-Humeral ligament Anterior 
7- 
Area of attachment of Inferior 
Gleno-Humeral ligament 
Area of Bankart lesion 
Figure 23. Gross Anatomy of glenoid labrurn (left shoulder) 
7 
Posterior 
6 
The ante rior-supe rior quadrant appears to have the most variation in 
anatomy around the circumference. The superior and middle 
glenohumeral ligament attach in this region. The inferior glenohumeral 
ligament attaches in the ante rior-i nf erior region, whereas the posterior- 
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inferior region does not usually contain any ligamentous attachment. The 
posterior-superior region contains the biceps anchor in its superior half. 
Therefore in the anterior half of the labrum there are at least four key 
areas and dividing the labrum into eight equal portions would allow for all 
of these areas to be tested and compared against each other. Also to 
allow for the expected difficulty in clamping these small test samples, 
dividing the glenoid into eight areas would allow at least 10 mm test 
samples and produce the maximum number of specimens possible 
around the circumference. For the tensile testing samples the working 
length to width ratio would then be 6: 1. 
Cutting 
Due to the small size of the testing samples an accurate cutting technique 
was required to produce consistent test-samples. Although the core 
region is densely packed and well orientated it would be important to 
ensure that any, cutting method would be in the line of the fibres and not 
cut across the fibres obliquely as this could significantly alter the 
mechanical strength. The small size of the samples and the need to 
maintain the collagen architecture precludes cutting by hand even with 
the use of magnification. Other described methods include a microtome 
with samples being embedded into wax. The limitation ot this would be 
that the wax would penetrate the sample and potentially alter the 
mechanical properties, especially in such a small sample with a relatively 
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large surface area. The use of lasers for precision cuts is inappropriate 
due to the cost and thermal damage that could again alter the 
biornechanical properties of the sample. 
Cryo-fracture is a method of cleaving samples along a plane between the 
collagen fibres and ensuring that the collagen network is preserved (Clark 
1985). It involves rapid freezing of samples with liquidC02 or nitrogen 
and striking a sharp blade across the cross-section of the specimen to 
allow the blade to travel along the path between collagen fibres. If this 
could be performed in a controlled manner then regular specimens could 
be produced. No such device could be found in the literature or 
commercially, but it was felt that if this technique could be combined with 
the precision of a microtome then the ideal cutting mechanism would 
have been found. The only concern with this method would be that rapid 
freezing could induce crystal formation in the substance of the tissue and 
cause cellular damage. This has been demonstrated with rapid deep 
freezing of menisci in liquid nitrogen, although the collagen architecture 
appears to be preserved (Salai et aL 1997). 
A Cambridge 'rocker' microtome was purchased with the intention of 
designing a modification to allow for this technique of cutting. This allows 
for very accurate cutting of specimens down to a width of 0.002 mm. As 
the name suggests it does cut in a slight arc with a radius of 85 mm, 
however it was felt that this could be beneficial in the labral samples due 
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to their curved nature. In order to allow for cryo-fracture the specimens 
would have to be rapidly frozen just prior to cutting. 
Figure 24. The Cambridge 'rocker' microtome. 
Normally specimens for cutting are mounted on the microtome by 
embedding them in wax. This was not a suitable option and the 
specimens could not be clamped directly due to their irregular shape and 
pliable nature. The two problems of rapid freezing and clamping could be 
overcome with the use of a cryo-jaw (Riemersa and Schamhardt 1982; 
Wieloch et al. 2004). 
The cryo-jaw is a hollow clamp with a reservoir available for liquid 
nitrogen orC02; this can be regulated into the reservoir as needed, with 
exhaust holes placed in between the jaws allowing the gases to rapidly 
reduce the temperature of the tissue. This will enable the sample to be 
completely frozen rapidly within the jaws, so that it is solidly fixed for 
cutting and allowing cryo-fracture with the microtome blade. No 
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commercia cryo-jaws are available for use with a Cambridge rocker, but 
could be easily designed to fit. 
This needed to be small enough to be incorporated into the mechanism of 
the Cambridge rocker, and have a sufficient chamber to collect theC02 
liquid gas to bring the temperature down. Therefore using the 
SolidWorks@ design programme the cryo-jaw was designed. The 
chamber was designed to incorporate a standardC02 fitting with three 
holes directing the liquid C02 gas onto the specimen. A lip was 
incorporated on to the edge of the clamp to increase the pressure placed 
on the specimen within the clamp. The lid of the clamp had three holes, 
two for vertical pins from the base of the clamp and the central hole 
allowed a screw to compress the specimen between the jaws of the 
clamp. To ensure that the Cambridge rocker did not experience fatigue 
damage by repeated rapid freezing, a sandwich of Nylon-6 was included 
in the design. The clamp itself was to be made out of stainless steel and 
computer milled by technicians at the Imperial College workshop. 
The Cambridge rocker has a strong spring mechanism that causes a 
rapid forceful movement of the sample onto the blade. Thus initiating a 
cut, but with the frozen tissue will allow the tissue to cleave in a plane 
along the direction of the fibres. 
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Figure 25. SolidWorks@ image and picture of cryo-clamp. 
The cryo-clamp was assessed with bovine meniscus to ensure the 
freezing method worked. The quickest method found was to contain the 
whole of the clamp and specimen within a plastic bag and allow a blast of 
liquidC02 tOcompletely fill the bag and create a 'white out' with freezing 
of the atmospheric water indicating that the sample would also be solidly 
frozen. This took about two seconds. 
The bovine meniscus was measured using Vernier callipers and after 
cutting slices of 1 mm were consistently produced. The samples had to 
be measured in a frozen state as the unfrozen specimens became 
difficult to accurately measure due to the flexibility of the tissue. 
The protocol for the labral tissue could then be constructed. It was 
important that all the samples contained only the core region, to ensure 
consistency between test samples. This central core can be visualised 
with the naked eye as a well-defined dense region, surrounded by the 
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rest of the labrum. All cuts were made along the long axis of the glenoid 
sample and parallel to the long axis of the clamp. 
- region 
Figure 26. Diagram of a single glenoid portion with test sample 
orientation within core region. 
Initially the portion of the labrum was clamped with its inner edge within 
the clamp. Once the specimen had been frozen the outer edge was 
sequentially cut with 0.002 mm slices until the core region of the labrum 
was exposed. Thereafter 1 mm slices were taken through the core region 
and saved for the next stage of cutting. Each 1 mm slice could then be 
re-clamped after being repositioned so that the slice was orientated 
perpendicular to the original cut. Again initially slices were cut at 0.002 
mm until the entire surface was composed of the core region. Further 1 
mm (tensile) or 3 mm (compressive) slices could then be produced for the 
test samples. 
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Figure 27. Diagram of cutting regime (Smith et al. 2008). 
Tensile testing clamping 
Once test samples had been produced a clamping method had to be 
found to allow the small test samples to be effectively attached to the 
Instron testing machine. The standard method of clamping specimens 
into an Instron jaw could not be used in this experiment, as the 
consistency of the labrum allowed it to slip easily form the jaw ends and 
the samples would regularly slip as demonstrated on pilot meniscal test 
samples. 
A second method was to super glue the samples to a piece of metal and 
then clamp the metal to the Instron. Initially the whole sample absorbed 
the super glue and became stiff. Although the sample failed in the mid 
71 
3.1 SPECIMEN PREPARATION 
portion, in effect the Instron was measuring the tensile stress of the 
superglue, as the force at fracture was around 14N. 
The final method was to use small clamps with fine Emery sandpaper 
(coarseness) held between the jaws. 
cm 
sandpaper 
test sample 
compression screw 
Figure 28. Picture and diagram of the small clamps used for clamping the 
tensile test samples. 
The two layers of sandpaper had their roughened edges facing inwards 
and were pierced by the two screws, which compressed the jaws 
together. This ensured that the sandpaper could not slip from the clamps 
and the roughened surface of the sandpaper had a firm grip of the tensile 
specimens. Pilot testing using this technique did not demonstrate any 
slippage and allowed failure in the mid-substance of the specimens. 
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Compressive testing 
For the compressive testing a specifically designed well was made. This 
was again designed using the SolidWorks@ software. It was a simple 
block with a longitudinal well running the length of the upper surface, the 
dimensions of which were 3 mm width with a depth of 1 mm. This would 
allow the compressive samples to exactly fit its dimensions with 
surrounding fluid at either end. 
Figure 29. SolidWorks@ image of compression well. 
The indenter chosen was a3 mm stainless steel ball bearing mounted on 
to a rod by welding. The rod could be attached to the Instron machine in 
a vertical position to allow a pure compressive force to be exerted onto 
the specimen. A flat indenter was not used due to the possibility of 
cutting the specimen on its edge. The decision to use a semi-confined 
specimen mounting testing chamber is explained in the next chapter. 
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The environmental chamber 
In an effort to recreate the physiological environment of the natural 
shoulder joint, it was felt that the experiments should be performed at 
body temperature (37 degrees centigrade) and with humidity nearing 
100%. A pre-made cylindrical chamber was available that could contain 
the specimen and the jaws of the Instron machine within it. This entailed 
a reservoir with heating coils at the bottom enclosed within a Perspex 
tower. The reservoir had a central collared hole so that the bottom 
Instron jaw could be within the chamber without water escaping and the 
lid had a smaller hole to allow the upper jaw into the chamber. Within the 
reservoir were three hoses, which produce a fine spray within the 
chamber sufficient enough for the humidity to reach 100%. 
L 
Figure 30. The environmental testing chamber 
I 
IV 
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On initial experimentation with the chamber it was found that the load cell 
would build up a temperature gradient between the bottom and top 
surface. Unfortunately this would cause the recorded load to drift 
significantly and became unacceptable. This occurred whether the hood 
was in place or not. 
Load cell drift due to water vapour 
0.1 - 
0- -- - --------------------- ----- 
-0.1 ------------- ------------------------- 
-0.2 -- -------------- z 
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0 
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-0.5 ------------------------ 
-0.6 ----------------------------------------- 
-0.7 -, IIiII 
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with protective gaurd 
-without cover 
with cover but no gaurd 
Figure 31. Graph demonstrating load cell drift due to water vapour. 
This was overcome by placing two large plastic discs between the clamp 
and the load cell. Care was taken to ensure that the discs did not 
interfere with the lid of the chamber, but were large enough to deflect the 
stream of hot air rising from the hole in the lid of the chamber away from 
the load cell. 
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An external device controlled the temperature inside the chamber 
automatically. This was linked to a thermostat within the chamber and 
kept the temperature to within 1 degree of 37 OC by regulating the heating 
coil 
Load cell drift 
M4 
0,02 -- --------------------- 
0 
-with co\er 
-with co,, er and gaurd -0.02 
-0.04 
-0,06 
11 21 31 41 51 61 71 
Time [mins] 
Figure 32. Picture and graph of modification to avoid load cell drift. 
Initially the thermostat was placed in the air within the chamber, but it was 
soon realised that the temperature was too hot, as the water within the 
reservoir was too hot to place a finger in and the specimens had a dried 
out appearance at the end of testing. This was reflected by the results 
obtained, as the specimens had a substantial increase in their stiffness as 
the experiment progressed. Placing the thermostat within the reservoir 
itself alleviated this. This resulted in more consistent results with a 
specimen that did not visually look dried. 
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Now the test samples could be removed from the central core region of 
the labrum with consistent dimensions, the environment for testing had 
been optimised and the apparatus for testing both the tensile and 
compressive samples had been manufactured. The next stage was to 
devise a testing regime to reflect the in-vivo scenario. 
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Protocol design for testing regime 
The design of the testing regime was probably the most difficult part of 
the thesis to decide upon. Chapter 2 highlights the multitude of different 
protocols within the literature. The aim of the thesis was to produce the 
biornechanical properties within physiological conditions. The definitions 
of physiological load, conditioning and environment had to be addressed 
to achieve this aim. This chapter explains the reasoning behind the 
design of the testing protocol and the interpretation of the data. During 
the design rubber, human meniscus, bovine lateral collateral ligament 
and in the final stages one glenoid labrum were used to allow pilot testing 
and fine adjustment of the protocol. 
Tensile testing protocol 
The key question of physiological load had to include rate, 
preconditioning, stress relaxation and creep. The shoulder can 
experience up to 150% Body weight (BW) during routine activities 
(Bergmann et al. 2007) and in the hip 280% of body weight uring 
walking, up to over 800% BW in more vigorous activities. However the 
normal loading rate of both the acetabular and glenoid labrum is 
unknown. It was important that the two labra could be compared, so a 
universal loading rate was used. It was accepted that the loading rates 
may vary between the upper and lower limbs, but it was hoped that a 
loading rate could be found that would be within the physiological range 
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for both joints. For the compressive modulus ideally both the viscoelastic 
and poroelastic moduli should be defined. However the capabilities of the 
Instron testing machine restricted the compressive testing to the slower 
poroelastic modulus. As the Young's modulus was to be compared at 
different stages of the regime, it was important that the rate of loading 
should remain the same throughout the whole protocol. If this did not 
occur, effects due to viscoelasticty would change the shape of the load- 
elongation curve and hence the Young's modulus. 
It was decided that the rate of displacement rather than the loading rate 
should be controlled, as this was more likely to give uniform results. As 
little data is available to help in the estimation of loading rates at the 
glenohumeral or hip joint, previous literature was reviewed. The 
displacement rates for intra-articular tissue at the shoulder or hip varied 
from 0.5 mm/min to 100 mm/min (Bigliani et aL 1992; Ticker et aL 1996; 
Boardman etaL 1996; McGough etaL 1996; Lee et al. 1999; McMahon et 
aL 2001; Ferguson et aL 2001; Hewitt et aL 2002; Moore et aL 2005; 
Ishiko et aL 2005). The reason for using a particular loading rate was not 
expanded upon in each case. Therefore, unfortunately, an arbitrary 
figure of 10 mm/min was chosen, which was hoped to be within the 
normal physiological range for both labra in tension and compression. 
No data is available either on the preconditioning, stress relaxation or 
creep encountered by either the labrum or any other intra-articular tissue. 
As there is nearly always some movement in both the shoulder and hip 
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joint during normal daily activities, it is extremely likely that the labrum is 
permanently preconditioned. Even when asleep muscle tone will provide 
the preload and small amounts of movement will precycle the tissues. 
Cold storage at -20 Oc is not physiological and these effects need to be 
reversed with preconditioning prior to testing. It was felt important that 
ideally an end point of this preconditioning could be visualised prior to the 
commencement of testing to ensure that the tissue was within the normal 
physiological range. If not the specimen may be 'worked' prior to testing 
or not be 'conditioned' enough. 
To aid in some of these design dilemmas, pilot testing was carried out on 
fresh-frozen cadaveric bovine knee lateral collateral ligament. This was 
chosen as it is a large structure with a very homogenous composition 
throughout and was readily available. This allowed multiple samples to 
be taken from the same specimen with likely comparable material 
properties. The test samples were prepared identically to the tensile 
specimens for the labrum. For the latter stages of pilot testing one labral 
specimen had been sacrificed to ensure that the protocol would work. 
When pre-cycling these pilot samples it was noted that a quasi-static 
state could be achieved. The precycling was kept below 5% strain in 
order to avoid permanent damage to the tissue (Provenzano et al. 2002) 
calculated after several pilot tensile test samples were loaded to failure. 
Initially 20 cycles were used to precondition the specimens; however 
there was considerable variation in the number of cycles required for the 
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samples to reach equilibrium. It was felt that a set number of cycles 
would be inappropriate, as most samples would begin to be worked, 
whilst others would not be fully preconditioned. Therefore the precycling 
was allowed to continue until equilibrium of each specimen had been 
achieved as visualised on the dynamic Merlin graph during testing. This 
would not be possible with a preload. A preload of 0.01 N was used to 
ensure that the test sample was not buckled prior to testing, to correctly 
locate the zero displacement position. 
The pilot glenoid labral tensile test samples demonstrated failure at 
around 5N, with a 5% strain of 0.15 -0.2N. Therefore an upper limit of 
0.1 N was set for the precycling. This would be sufficient enough to allow 
the fibres to un-crimp and align during the preconditioning without 
inducing micro failure. 
The precycling regime was therefore initially defined as a load from ON to 
1N at a displacement speed of 10 mm/min. Problems arose with this 
protocol as the specimens would not always return to ON, especially on 
the first cycle, and samples would pass the 0 mm displacement mark and 
begin to go into compression. This may represent stored energy within 
the samples during freezing. This was then altered so that the specimen 
returned to zero displacement with more consistent results. 
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Figure 33. Live graphical display allowing displacement during cyclical 
loading to be observed in real time. 
Qausi-equilibrium was defined as a difference of less than 0.01 mm 
measured at the ascending 0.05 N load position between two consecutive 
cycles. This could be seen clearly during live graph formation. Once this 
had been achieved, the precycling was stopped manually, the data saved 
and a second programme commenced. 
A second problem of the load straying significantly from zero load at zero 
displacement arose. Concerns were raised that this would lead to non- 
stanclardised pre-cycling of the specimens, i. e. during pre-cycling the 
specimen would slowly fall to -0.5N at 0 mm displacement with the effect 
of hysteresis, and the pre-cycling would in effect be 0.6N rather than 
0.1 N. Therefore if the specimen strayed by more than 0.1 N, the Instron 
was stopped, the data saved and the zero displacement reset. 
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Area of hysteresis loop equals 
Ic 
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Figure 34. Diagrammatic example of progression to quasi-equilibrium 
state during precycling. 
Stress relaxation (during prolonged period of a sustained deformation) 
and creep (during prolonged period of a sustained load) define 
viscoelastic biological material behaviour and again are encountered in 
the labrum of both joints during daily activities. 
This is another form of conditioning the tissues to prolonged force or 
elongation and a mechanism to reduce the stress in the tissues to avoid 
fatigue failure. The decision to include a period of stress relaxation or 
creep was made in order to recreate the normal environment, which the 
labra encountered daily. Either of these could have been used during 
testing, but with pilot samples stress relaxation produced a quasi-static 
state that could be more easily visualized than during creep. 
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Figure 35. Graph demonstrating deviation of the load at zero 
displacement during pre-cycling. 
A figure of 1 ON was chosen for the holding load of stress relaxation as 
this was estimated to be about 20% of the load to failure in the pilot test 
samples. It was believed that these levels would commonly be 
encountered within normal day to day activities, although experimental 
data to confirm this is not available. The test sample was then held at the 
displacement at 1. ON and the reducing load monitored until a quasi- 
equilibrium state was achieved again. The pilot studies suggested that a 
period of about 3 minutes was required to reach equilibrium. To ensure 
that all specimens had reached equilibrium by the time of the end of the 
stress relaxation, 5 minutes was allowed. 
84 
6 10 
Tinw [min) 
3.2 TESTING REGIME 
Once the stress relaxation had taken place the specimen was taken back 
down to zero displacement and loaded for a final time to failure. It was 
understood prior to this that the ultimate stress could not be calculated, 
as the position of failure in the specimen was not consistent (as apposed 
to a dumb bell shaped testing specimen). 
The Merlin software required time to store data when the programmes 
were switched over, therefore 10 precycles were included in the actual 
testing protocol, so that the preconditioning effect was not lost. Before 
each test commenced it was ensured that the displacement was zeroed. 
To ensure that the correct displacement was calculated for the tensile 
specimens the clamps were just brought into contact with each other at 
the commencement of each testing session. After precycling had finished 
the new zero point was dialled into the Instron to allow for correction after 
preconditioning. 
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In summary the tensile loading regime was (all displacements set at 10 
mm/min) 
1 
25 
2 
0.5 
0 
-0.5 + 
0 45 
Time [ndn] 
Figure 36. Graph of load against time demonstrating the full loading cycle 
after pre-cycling. 
a preload of 0.01 N to ensure no buckling 
- precycling from 0 mm to 0.1 N until a quasi-equilibrium state 
achieved, with live monitoring and adjustment of sample if zero 
point strayed 
- commencement of main testing regime with 10 further 
precycles 
- continuation on to 1N and held at fixed displacement for 5 
minutes 
- returned to 0 mm 
load to failure 
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------------------ 
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Compressive testing protocol 
For the compressive specimens, it was hoped that a similar regime could 
be defined, to allow as much comparison between the results as possible. 
As discussed in Chapter 2, various methods have been used in order to 
determine material properties of intra-articular connective soft tissues. 
Three methods have been generally established in the literature, namely 
the unconfined compression, confined compression and indentation. 
Unconfined compression has been used previously to determine directly 
an elastic modulus of the tissue (Korhonen et aL 2002). With extrusion of 
fluid from the unconfined boundaries, this results in a modulus of the 
tissues structure, mostly the collagen matrix. The fully confined set up 
has been used to determine directly a bulk modulus of the tissue 
(Korhonen et aL 2002). With controlled extrusion of fluid through a 
permeable indenter, this result will be affected by the permeability of the 
indenter and be influenced significantly by the hydration status of the 
sample. Finally, in-situ indentation with the tissue attached to the 
subchondral bone has been used in order to determine an elastic 
modulus of the tissue (Shepherd and Seedho: m 1999), as well as 
permeability and bulk modulus by fitting experimental data to poroelastic 
or biphasic models (Ferguson et aL 2001; Sweigart et al. 2004). 
Whilst these methods of determining material properties may provide 
useful, although limited information in attempts to model biological tissue, 
their interpretation is often not clinically applicable; unconfined 
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compression lacks control of boundary deformation, confined 
compression restricts extrusion of intra- and extra-cellular fluid, whilst 
interpretation of in-situ testing is limited by both heterogeneous material 
composition and geometry. Therefore, a semi-confined set up was 
employed in an attempt to simulate the physiological scenario and 
investigate the biornechanical behaviour of the glenoid labrum under 
compression. In this set up, the tissue's fluid can exude from the sides 
but not from underneath, simulating the conditions of the humerus 
indenting the labrum against the underlying glenoid. 
The principles of precycling until equilibrium, a period of stress relaxation 
and compression to failure were applied. Obviously this would have to be 
modified slightly for compression. The first problem was to define failure, 
as the labrum would eventually become so compressed that the 
underlying steel of the compression well would be tested. This would be 
represented graphically as a gradual increase in the steepness of the 
load-deformation curve until the Young's modulus of steel was being 
represented. 
From gross examination of the labrum it could be expected that different 
labra and differing regions will have very varied stiffness. It would 
therefore be difficult to control the experiment by load values. It was 
therefore decided to use displacement as the controlled variable. In order 
to correctly define the zero displacement, the indenter was gradually 
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lowered on to the sample until a load deflection was noted. At this point 
the displacement was zeroed. 
Again the samples were cycled from 0 mm to 0-5N, with manual 
readjustment of the zero displacement if it strayed from the original zero 
load by more than 0.1 N. For the compressive samples the quasi- 
equilibrium was defined as a difference of less than 0.01 mm measured 
at the ascending 0.25 N load position between two consecutive cycles. 
For the main testing regime the specimen was then compressed to 1.5N 
and held at this displacement for five minutes, the specimen was then 
taken back to zero displacement and brought up to 3N for a second five 
minute period of stress relaxation. Again the specimen was brought back 
to zero displacement before the final ascent to 5N. 5N was chosen as an 
end point to protect the load cell from damage. As the compressive test 
samples could not be tested to failure, two different periods of stress 
relaxation were used in order to gain further information about the elastic 
modulus following increasing loads. 
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In summary the compressive loading regime was (all displacements set 
at 10 mm/min) 
load cell lowered gradually until load detected to ensure 
contact 
- precycling from 0 mm to 0.5N until a quasi-equilibrium state 
achieved, with live monitoring and adjustment of sample if zero 
point strayed 
commencement of main testing regime with 10 further 
precycles 
continuation on to 1.5N and held at fixed displacement for 5 
minutes 
returned to 0 mm 
loaded back up to 3N and held for a further 5 minutes 
- returned back to 0 mm 
load to 5N and completion of test. 
Testing environment 
With the environmental chamber, the optimal environment could be 
created for both compressive and tensile testing. During the design 
process questions about how much the environment affected the testing 
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results were raised. Each test sample had small dimensions and a 
relatively large surface area, the boundary of which was artificial due to 
cutting during preparation, making the tissue susceptible to differing 
environments. This has been mentioned in the literature and using the 
bovine lateral collateral ligament (LCL) specimens would demonstrate the 
effects for our test samples. 
The specific questions that were raised were: 
1. the effects of temperature, as much tissue testing takes place 
at room temperature 
2. the effects of dehydration which may occur during the 
preparation and testing of specimens 
using water (non-isotonic) as a bathing solution 
4. altering the load at which the stress relaxation of the specimen 
took place 
With one LCL around 15-20 tensile specimens could be produced for 
testing. Specimens could be grouped and tested with one variant being 
altered to allow comparison against the theoretical ideal. Therefore three 
test samples were each placed into five groups. The protocol had the 
test samples bathed in physiological saline, the temperature maintained 
at 37 OC, 100% humidity and a stress relaxation load of 1N. The four 
other groups had exactly the same preparation and testing protocol 
except for a single variant. Those being 0% humidity, water as the 
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bathing solution, a stress relaxation of 2N and temperature maintained at 
25'C. The results are shown below. 
Protocol moduli 
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Figure 37. Graph showing the pre-stress relaxation modulus, post-stress 
relaxation modulus and final modulus under the various conditions. 
Although the numbers used in the pilot testing were small it did 
demonstrate that all of these factors had an effect on the results obtained. 
All of the results showed a significant difference except for the samples 
using water. It would be expected that using water instead of 
physiological saline would decrease the stiffness of the test samples as 
the samples would absorb more fluid due to the osmotic gradient within 
the tissue (Race et al., 2000. ). The results found at 0% humidity are also 
likely to represent dehydration of the tissues. 
11 - 0% humidity 
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Protocol 2N SIR 25 0% Water 
degrees humidity 
Final 25.0 45.3 36.7 71.0 21.2 
Modulus 
I p-value 110.006 1 0.023 1 0.003 1 0.11 
Table 1. The results showing the effect of the different variables on the 
measured outcomes compared to the design protocol. 
The higher modulus associated with the increases load at stress 
relaxation was also expected, due to the increased work done by the 
specimen prior to final loading, i. e. the viscoelastic property of the tissue 
responding differently due to it's previous loading history. 
The higher modulus found at a lower temperature was consistent with the 
available literature (Chae et al., 2003), suggesting the tissue became less 
stiff at body temperature. 
This limited work did demonstrate the importance of maintaining the 
environment as close as possible to the physiological norm. 
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Interpretation of data 
All testing was carried out on an Instron testing machine (Instron 5565, 
High Wycombe, Bucks, UK), with accompanying Merlin software (v. 4). A 
10 N load-cell accurate to within ±0.25% was used; this was automatically 
calibrated before each testing session. The capture rate was set at 20 Hz. 
This was converted to Excel files for statistical analysis and graphical 
representation. 
For the tensile testing, two tangent moduli and the elastic modulus were 
calculated. The pre-stress relaxation modulus was defined as the tangent 
modulus between 0.8 and 1 MPa on the stress-strain curve, immediately 
prior to initiation of the 5-minute stress relaxation. 
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Graph demonstrating the pre-stress relaxation modulus 
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A post-stress relaxation modulus was defined as the tangent modulus 
between 0.8 and 1 .0 MPa on the stress-strain curve after stress 
relaxation, thus allowing a direct comparison between the two moduli. 
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Figure 39. Graph demonstrating the post-stress relaxation modulus in 
red taken from the final stress-strain curve. 
The elastic modulus of each sample was calculated from the linear 
portion of the final stress-strain curve. All moduli were obtained by using 
linear regression analysis. The yield stress and the maximum stress were 
obtained as the stress value at the end of the linear portion and the 
maximum stress value exhibited, respectively. The end of the linear 
portion was defined as the steepest part of the curve, calculated from 
serial measurements, before any signs of failure visualised on the graph. 
The strain was re-calculated after cycling and after stress relaxation due 
to the change of the sample length. Hence the moduli were calculated 
from three different stress-strain curves. 
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For the compressive samples the modulus of elasticity for each test- 
sample was determined from the linear portion of the stress-strain curve 
at final loading. The two tangent moduli were taken at the 30-50 MPa 
region of the curve prior to stress relaxation and after the second period 
of stress relaxation. The strain was re-calculated after the second stress 
relaxation due to the change of the sample length. 
When average data suggested different means of greater than 40% for 
the material properties, these were compared for significant difference 
using one-tailed paired Students Mest with an alpha level of 0.05. 
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Methods 
Having optimised the testing protocol with the bovine LCL and alleviated 
any iatrogenic causes of error during testing, formally testing could now 
begin. 
Ethical approval of this study had already been granted by the local ethics 
committee and sixteen fresh-frozen cadaveric shoulders were obtained 
from a tissue bank. The mean age of the specimens was 61 years (range 
47-70). All the shoulders had been harvested with the scapula and 
proximal half of the humerus intact. The specimens were stored at -20 OC 
when not in use and sprayed with physiological saline during dissection 
and testing. All the specimens were allowed to thaw thoroughly overnight 
prior to use. 
Each specimen was initially dissected down to the rotator cuff 
musculature. The cuff was excised from its insertion on the humerus, in 
order to allow safe disarticulation of the joint without intra-articular 
iatrogenic damage. 
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Figure 40. Specimen after disarticulation with some residual capsule and 
after further dissection with isolated labrum remaining. 
The articular surfaces were graded according to the Outerbridge 
classification (1961) and the gross anatomy and dimensions of the 
labrum were recorded. The Outerbridge classification is (Outerbridge 
1961): 
Grade 1- softening and swelling of the cartilage 
Grade 2- fragmentation and fissuring in an area of less than 1/2 inch 
diameter 
Grade 3- fragmentation and fissuring in an area of greater than 1/2 inch 
diameter 
Grade 4- erosion of cartilage down to bone 
Any specimens that demonstrated gross degeneration of the labrum or 
degenerative changes greater than grade I of either articular surface were 
withdrawn from the study. After initial inspection, 6 specimens had 
significant degenerative changes and were withdrawn from the study. The 
remaining 10 shoulders were then marked at the 12 o'clock position and 
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the labrum was carefully dissected from any remaining capsule, articular 
cartilage and underlying bone. 
The tissue was then carefully removed form the underlying glenoid and 
cut into the eight areas. 
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Figure 41. Labrum after being removed from the underlying glenoid. This 
specimen demonstrates a macroscopically different appearance of the 
anterosuperior quadrant which blended into the middle GHL. 
Each section was then mounted on the custom cyro-clamp as previously 
described in Chapter 3.1. After each test-sample was cut it was 
measured whilst still frozen using electronic callipers (Mitutoyo, Andover, 
Hampshire, U. K. ); any test-samples that deviated by more than 10% from 
these dimensions were disregarded from further testing. 
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Unfortunately out of the ten specimens that where deemed fit for testing, 
two did not produce sufficient compressive test samples to be worth 
including in the experiment. 
The test-samples were mounted and placed in the environmental 
chamber as described previously. The test-samples were allowed to 
adjust to the environmental conditions for five minutes prior to testing. 
The testing regime was carried out as per Chapter 3.2 
0 ______ -. . 
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Figure 42. Compressive sample undergoing testing in environmental 
chamber 
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Results 
The basic demographics and degenerative findings for the original 16 
specimens are presented in Table 2. 
For the remaining ten specimens, one specimen (10%) had a labral 
foramen, which was at position 1 and 2. A loose attachment of the labrum 
was noted in 4 (40%) of the specimens and always involved the superior 
half of the glenoid. The anterosuperior quadrant was noted to have a 
different macroscopic appearance to the remainder of the labrum in the 
majority of cases. It also had a different consistency when compressed 
between the fingers. 
Table 2. Basic demographics for the original 16 specimens. 
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36.4± 5.3 mm 
Figure 43. Mean width and dimensions of the labrum (with standard 
deviations). 
The mean anteroposterior dimension was 29 mm (±S. D. 4.9, range 21.6- 
37.5), the mean superoinferior dimension 36.4 mm (±5.3,25.2-42-4), and 
the mean circumference 103.3 mm (±20.4,83.6-151.2). The depth and 
width of the labrum were 3.4 mm (±1.4,1.2-6) and 4.0 mm (±2.5,1.1-9.3), 
respectively. 
Table 3. Dimensions of the ten specimens used for testing. 
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Tensile testing results 
Stress [MPal 
5 
4 
3 
2 
1 
0 
I 
Figure 44. Typical stress-strain curve (loading - stress relaxation - 
unloading - loading to failure) showing the regions where the moduli were 
calculated. 
Due to the extreme variation in these dimensions, a reliable test-sample 
that had a consistent 1 by 1 mm cross-section along its whole length 
could not be obtained for all eight positions on each labrum. This resulted 
in 2 out of the 80 potential test-samples being withdrawn from the study. 
Another 10 test-samples failed after cycling; all of these samples 
originated from the superior four positions on the labrum. 
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Load (N] 
0.10-1 
0.08 
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0.0c 
1 
-0.02 
Figure 45. A typical hysteresis loop during cycling. The sample is 
buckled when the test commenced. The zero length can be post- 
processed as the point of inflexion on the curve. 
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Moduli of different portions 
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Figure 46. Graph of the different moduli for each potion. 
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All of the specimens were seen to fail in mid-substance. The mean 
elastic modulus and yield stress of the glenoid labrum were 
22.8±11.4 MPa and 2.5±2.1 MPa respectively. The mean values of the 
various material properties at each portion are shown in Figure 46. 
Moduli(MPa) Pre- vs Post Post-SR vs 
SIR modulus Elastic modulus 
Portion Pre-SR Post- Elastic % p % p 
SR increase increase 
1 10.3± 17.4± 18.1± 45.2 2.7 
4.6 6.0 6.7 
2 6.6± 1 4.8± 1 5.4± 51.2 4.9 0.069 
3.0 5.4 5ýO 
3 11.2± 21.1± 23.7± 48.4 8.8 
4.7 5.3 6.8 
4 11.8± 1 8.6± 30.3± 36.5 31.1 
5.5 8.6 17.9 
"J*, 'i 
*" - r"j- 
I 
4.9 6.2 1 0.2 
6 10.4± 18.8± 23.1 46 15.8 
5.4 8.0 9.2 
7 10.5± 18.1± 20.9± 48.4 9 0.094 
10.3 10.6 14.8 
8 11.3± 1 8.5± 24.5± 40.8 18.1 
5.6 7.1 12.1 
Table 4. The different moduli for each portion of the glenoid labrum. 
(* =p <0.05 and ** = p<0.001). 
The yield and maximum stresses are demonstrated in Table 5.18 test- 
samples (23%) out of the 78 tested did not fail before the limiting 7N load 
was reached. Position 1 and 2 test-samples had statistically significant 
lower elastic moduli than position 4 samples (p<0.02). 
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Table 5. Maximum Stress and Yield Stress (mean ±SD) for each position 
Position 1 and 2 test-samples had statistically significant lower yield 
stress values than position 4 and 5 samples (p<0.016). Position 2 test- 
samples had lower elastic moduli than position 5 samples (p<0.04). The 
pre-stress relaxation tangent modulus was significantly lower than the 
post-stress relaxation tangent modulus for all 8 portions of the labrum. 
Yield Stress 
8 
6 
0 
Portion 
Figure 47. Graphical presentation of the Yield Stress of each portion. 
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If the results are grouped in to quadrants (i. e. anterosuperior quadrant 
comprising results from positions 1 and 2), then the anterosuperior 
quadrant had significantly lower elastic modulus compared to the 
anterioinferior quadrant (<0.001) and both posterior quadrants (<0.05). 
The anterosuperior quadrant also had a significantly lower yield stress 
than both inferior quadrants (<0.01) and the posterosuperior quadrant 
(<0.05). No other statistical difference was found between the different 
quadrants. 
Maximum Stress 
10 
8 
rl-19 
rj 
C, ) 
2 
0 
1 
Portion 
Figure 48. Graphical representation of the maximum stress for each 
position. 
107 
4.2 RESULTS 
Compressive Results 
6 
5 
5; 
4 -0 
cu 0 
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9) 
CL 
E 
0 0 
I 
0 
Normalised compressive displacement [mm/mm] 
Figure 49. Typical graph of compressive load against normalised (to the 
thickness) compressive displacement (loading - stress relaxation - 
unloading - loading - stress relaxation - unloading - loading). 
Due to the varying dimensions amongst labra, a reliable test-sample that 
had a consistent 3 by 1 mm cross-section along its whole length could not 
be obtained for all eight positions on each labrum. This resulted in 52 out 
of 64 potential test-samples from eight labra. 
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Portion 
2468 
9.7 
MPa (19.4) (78.5) (46.0) (26.5) (15.4) (31.9) (27.8) (26.1) 
Table 6. Average post stress relaxation compressive modulus (SID) for 
each portion of the glenoid labrum. 
The mean modulus of elasticity in compression of the glenoid labrum was 
69.7 MPa (S. D. 36.2). The mean values at each portion, averaged among 
specimens, are shown in Table 6. 
Moduli(MPa) Pre- vs Post SR Post-SR vs Elastic 
Portion Pre-SR Post-SR Elastic % 
increase 
p % 
increase 
p 
1 1 5.2± 2.6 44.6± 10.1 79.2± 19.4 64.6 42.9 
2 16.9± 13.1 39.9± 30.3 85.7± 78.5 57.1 50.4 0.058 
3 14.4± 4.1 46± 19.3 83.1± 46.0 65.3 42.3 
4 17.5± 10.3 41.9± 21.8 72.3± 26.5 54.5 45.5 
5 11.1± 7.3 26.4± 11.7 54.4± 15.4 46.4 51.7 
6 11.5± 6.3 26.6± 15.3 51.3± 31.9 56.2 47.6 
7 13.6± 6.4 32.3± 13.4 56.9± 27.7 58.0 40.4 
81 15.6± 5.5 1 41.4± 11.6 179.7± 26.1 1 62.8 1 47.2 
Table 7. The different moduli for the different portions of the glenoid 
labrum. (* =p <0.05 and ** = p<0.001). 
Portions 1 and 8 were significantly stiffer than portions 4 and 5 (p = 
0.028). Portions 2 and 3 were not significantly different from portions 6 
and 7 (p = 0.060). Grouped together as quadrants, the posterioinferior 
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quadrant had a significantly lower modulus than the anterosuperior 
quadrant (<0.05) and the anterioinferior quadrant (p<0.01), but not the 
posterosuperior quadrant. When grouped in to bigger groups, portions 1- 
3 and 8 had significantly higher modulus than portions 4-7 (p=0.0075). 
There were no other significant differences between the quadrants. 
Moduli of different portions 
--0- Elastic (Post SR-2) 
100 Post-Cycling 
Post SR- I 
75 
50 
25 
0 
1 
Portion 
Figure 50. Graph of the different moduli (n= 8) for each portion of the 
labrum. 
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Conclusion 
These results have demonstrated the tensile and compressive properties 
of cadaveric glenoid labrum specimens tested at body temperature in 
100% humidity. This is believed to be the only data available for fresh 
frozen, hydrated labral tissue with the only prior work (Carey et aL 2000) 
performed on formalin-fixed tissue, that is known to be stiffer than when 
unfixed (Wilke et al. 1996). 
Six shoulders were rejected due to degenerative changes hopefully 
avoiding false results recorded from degeneration of the labrum. In total 
78 tensile and 52 compressive test samples produced results. 
Although only ten 'shoulders were used, the dimensions recorded and 
incidence of altered attachment seems to correlate well with previous 
studies (Howell and Galinat 1989; Lippitt and Matsen 1993; Carey et aL 
2000; Rao et aL 2003). This does suggest that the specimens used for 
testing represent a normal population. The range of the labral width was 
from 1.1 mm to 9.3 mm demonstrating why it was difficult to obtain a 
tensile test from each portion of each specimen and impossible to obtain 
a compressive test sample from all of the specimens. 
All of the tensile testing samples failed mid-substance ensuring the data 
collected was taken from the mid portion of the sample. 
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I Portion 
Tensile Moduli(MPa) 
Mean I Minimu77maximurn 
Compressive Moduli(M 
Minimum I Maxi 
1 81 18.1 1 10.1 27.9 79.2 53.1 109.5 
2 ý4 15.4 1L 8.8 21.1 85.7 26.9 217 
3 23.7 2337 12.1 31.5 1 83.1 55.9 164.3 
4 30.3 9.7 66.4 72.3 39.6 112.0 
5 24 6.9 38.8 54.4 36.6 74.2 
6 23.1 9.8 36.7 51.3 19 118.5 
7 
1 
20.9 1 9.5 51.5 56.9 20.1 91.5 
8 24.5 F- 11.3 42.3 79.7 59.7 137.4 
Table 8. Demonstration of the large range of results obtained. 
The elastic modulus results had a range form 6.9 to 66.4 MPa for the 
tensile samples tested and from 19 to 217 MPa for the compressive 
samples. This wide range is expected from biological tissue, but would 
also account for some iatrogenic variation and true variation around the 
circumference of the labrum. The large range and standard deviations 
makes statistically significant results difficult to obtain and potentially 
trends seen could have more significance than the statistics allow. Any 
results that have reached statistical difference should be robust in 
compensation for the large standard deviations. 
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General Biomechanical properties 
It can be seen clearly from both the tensile and compressive samples that 
the tangent elastic modulus increased after each period of stress 
relaxation, by at least 2.7% and up to 65.3%. All but three of these 
increases were statistically significant, this increase being most marked 
after the first episode of stress relaxation. As such, the labral tissue 
stiffened through each period of stress relaxation, most probably due to 
net fluid extrusion. This is consistent with a viscoelastic material and 
demonstrates the importance of previous loading history, when obtaining 
results. This is often not taken into account when testing is presented in 
the literature. If excessive pre-cycling or creep/stress relaxation takes 
place in the protocol, this could change the results significantly. 
Activities of daily living (Murray and Johnson 2004) are a mixture of 
constant load and constant displacement, interspersed with varying 
loading rates. During these activities, soft connective tissues of joints are 
reported to work in the toe-region of their stress-strain curve (Noyes et aL 
1984; Beynnon and Fleming 1998; Cerulli et al. 2003). The definition of 
what is physiological pre-loading in the tissues in-vivo is therefore difficult 
to answer, but by including a period of stress relaxation in the protocol, it 
has both demonstrated the importance of this effect and attempted to 
recreate the normal environment of the tissue. 
The increase in elastic modulus would also suggest that stress- re laxatio n 
preconditions the labral tissue to respond differently to increasing loads. 
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By having a higher elastic modulus after the tissue has been 'warmed up 3 
it may allow the forces to be transferred more effectively through the 
labrurn and into the surrounding tissues. Thus by having some prior 
periods of prolonged stretching of the labrum, it may prepare it for further 
loading and by doing so prevent injury to the labrum or surrounding 
tissues, which may occur if no preconditioning had occurred. 
Tensile results 
The significant result for the tensile specimens is that the anterosuperior 
quadrant has a lower elastic modulus and lower yield stress compared to 
all of the other quadrants. This is also reflected by the significant results 
for the individual portions (1 and 2), however only a few comparisons 
made statistical significance. Portions 1 and 2 had the smallest standard 
deviations compared to the rest of the circumference, another indication 
that these portions are more consistent in their poor tensile 
biornechanical performance. 
The maximum stress or load at failure varied greatly (range 0.3-7 MPa)- 
However, because the experiment was limited to a7N maximum tensile 
load, some samples didn't totally fail. The yield stress values are present 
for all testable samples (78/80 = 97.5%) and as such are the most reliable 
measure demonstrated. It should be noted that 60% (6 out of 10) of the 
position 4 samples, 40% of the position 5 samples and 30% of the 
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position 8 samples did not fail up to the 7N load (which was 
approximately 7 MPa stress). This again is suggestive of the increased 
strength in these portions. 
This gives an overall trend around the circumference of a gradient of 
increasing moduli with the lowest moduli at position 2 and increasing in 
either direction around the circumference to the highest moduli at position 
4. The only buck in this trend is position 8. The mean yield stresses also 
follows exactly the same pattern, including the increase at position 8. 
(D 0 
Figure 51. Diagrammatic representation with greyscale grading of mean 
tensile elastic moduli of the glenoid labrum. 
Position 8 is known to be the biceps anchor (Pal et al. 1991; Vangsness, 
Jr. et al. 1994). The explanation for its higher elastic modulus and yield 
stress is likely to be due to the inserting fibres of the biceps. Certainly the 
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biceps tendon is known to have a much higher elastic tensile modulus in 
the literature (McGough et al. 1996) than any of the labral results 
presented here. 
This higher elastic modulus compared to the surrounding portions (1,2 
and 7) could be a cause for the initiation of type III SLAP lesions. The 
strong biceps fibres intermingling with the labrum in portion 8 and by 
either pure axial traction or torsional traction the stress in the biceps 
tendon is transferred to the labrum. This stress then spreads in either 
direction around the labrum into the weaker surrounding portions were 
failure will lead to a buckle handle tear. With an increased severity of 
injury this could propagate further to become a type IV lesion. 
The increase strength in the inferior half of the labrurn may be a reflection 
of function. This part of the labrum, and especially position 4, has to 
resist humeral head subluxation during normal physiological loading and 
potential anterior shoulder dislocations. It would appear that the inferior 
portion is able to achieve this as the rate of mid-substance tears of the 
labrum in this region is very low. When injury does occur the failure is 
usually between the labrum and the glenoid (i. e. a Bankart lesion). 
The results may also just reflect the points of insertion of the tendons and 
ligaments associated with the labrum. Position 1 being the insertion 
point of the relatively small SGHL, position 2 having no insertions, 
position 3 the insertion of the MGHL and position 4 the insertion of the 
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stronger AIGHL. Posteriorly position 5 and 6 are insertion points for the 
triceps and PIGHL, position 7 has no insertion and position 8 is the biceps 
insertion. 
A summary of comparative tensile results for tissue within the 
glenohumeral joint is presented. Due to the differing testing regimes it is 
difficult to make direct comparisons and the disparity in results using 
dissimilar testing protocols is highlighted by the three-fold difference in 
values for the inferior GHL presented by two different studies. 
Glenoid Humeral Post. Gleno- Post. Gleno- 
articular articular Axi[lary GLENOID humeral humeral 
cartilage cartilage pouch LABRUM capsule capsule AbIGHL IGHL Biceps tendon 
Huang et al Moore et al, This study Bey et al. Moore et al , 
Bey et al. , Ticker et al. McGough et al. 
3.6± 2.4 
1 
6.6± 3.3 14.8+ 13.1 
1 
22.8± 11.4 28.4 -56.8 31.5± 12.7 
1 
37.7± 19.21 115.3+ 43.8 421± 212 
Table 9. Summary of tensile elastic modulus of different intra-articular 
tissues within the gleno- hurneral joint (MPa) ± SD 
However, if the data is compared, the labrum appears to have a higher 
modulus than the articular cartilage, but substantially lower than the 
Biceps tendon, which would be expected. The modulus for the labrum 
falls in the range of the capsule and glenohumeral ligaments, suggesting 
that the glenohumeral ligaments and capsule have a similar function to 
the labrum. Taken further the labrum, capsule and glenohumeral 
ligaments may form a dynamic functional unit sharing tensile forces 
between them when loaded. 
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Compressive results 
The significant result for the compressive testing was that the 
anterosuperior quadrant had a higher modulus than posterioinferior 
quadrant and the superior quadrant (1 and 8) had a higher modulus than 
the inferior quadrant (4 and 5). However, portion 2 had an extremely high 
standard deviation. This may be accounted for by the huge variation in 
the adult anatomy and known embryological development of this region. 
What is present in this region may be labrum, differentiated capsule, part 
of the glenohumeral ligaments or perhaps scar tissue. 
The overall trend for the compressive moduli is very different to the 
picture seen with the tensile results. The circumference of the labrum 
appears to be split in two. The anterosuperior half (8,1-3) all having 
mean compressive moduli between 79 and 86 MPa- The posterosuperior 
half (4-7) have a significantly lower moduli. Portions 5-7 have a moduli 
between 51-57 MPa and portion 4 is somewhere between the two groups 
with a mean moduli of 72 MPa. 
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0 0 
Figure 52. Diagrammatic representation with greyscale grading of mean 
compressive elastic moduli of the glenoid labrum. 
These results are surprising. The collagenous architecture of the labrum 
is such that it is deemed to be a tensile structure resisting translation of 
the head by hoop stresses around its circumference. However, these 
results demonstrate that there is significant variation in the compressive 
modulus around the circumference. This suggests that there is a 
resistance to compressive loads in at least some parts of the labrum. 
One mechanism of the creation of SLAP lesions is thought to be 
compression with proximal migration and internal impingement of the 
labrum. If this were the case, it could be concluded that this increased 
resistance to compression is why the majority of SLAP lesions involve 
failure between the labrum and the glenoid (i. e. detachment), rather than 
a mid-substance failure. The superior labrum being able to resist the 
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proximal subluxation of the humeral head pinching it against the glenoid 
until failure occurs at this interface. To confirm this, further work should 
be aimed at recreating impingement lesions of the superior labrum to see 
if the familiar patterns of SLAP lesions are recreated. 
The increased compressive ability of this part of the labrum, could also be 
a reflection of the poorer tensile properties. Perhaps this region is 
defunctioned as a tensile structure and has a different collagenous 
architecture with resultant increased compressive modulus. 
The reduced compressive modulus in the posterioinferior region may be 
due to the lesser demand to resist subluxation forces in this area. 
There are no comparative compressive results available for other intra- 
articular tissue in the gleno-humeral joint. 
Limitations 
Although an attempt has been made throughout this study to examine the 
properties of the labra in the most physiological conditions possible, and 
to interpret the results in the context of the functional anatomy, gaps in 
the literature have placed limits on the ability to carry this out. 
The major limitations of this work have been the small amount of data 
available to estimate the loading conditions within the shoulder. It is 
difficult to estimate the loading rate, direction, amount of stress relaxation 
and creep the intra-articular tissues are exposed to. 
120 
4.3 CONCLUSION 
There are potential accuracy errors within the work itself. The influence 
of deep freezing on tissues is still not completely understood. The ideal 
bathing solution for testing tissue in, when the normal tissue boundaries 
have been destroyed by the cutting process is also not known. 
One important limitation is the age of the donated shoulders. SLAP 
lesions and other injuries of the labrum are predominantly sustained by 
young patients (under 40 years of age). The age range of the shoulders 
used for testing was 47 to 70 years of age with a mean age of 61 years. 
Although an attempt was made to exclude degenerative samples, it is 
accepted that these specimens are above the mean age of patients 
sustaining these types of injuries and as such some general degeneration 
in the tissues may have taken place. However, as this is predominantly a 
comparative study, it would be hoped that the degeneration should be 
uniform throughout the labrum and some useful conclusions can still be 
drawn. The results form the anterosuperior quadrant may be so polar 
because of the age of the patients. 
in order to accomplish an accurate cut the specimens were frozen whilst 
on the cryo-clamp using liquid C02, hence incorporating the freeze- 
fracture technique to acquire test-samples. This technique is similar to 
that presented by Tkaczuk (1968). In that study, rapid freeze/thawing had 
no effect on load-elongation curves of spine long itudinal-ligame nt test- 
samples. In our study, we extrapolated the conclusions of Tkaczuk (1968) 
to allow a freeze-fracture method for cutting labral tissue and for accurate 
121 
4.3 CONCLUSION 
sample dimensioning. Beyond the recognition that labral tissue is 
predominantly collagen with aligned fibres that is similar to spinal 
ligaments, this extrapolation has not been tested. 
A number of methods of performing compressive testing have been 
discussed in Chapter 2. Whilst all of these methods of determining 
material properties may provide useful, although limited, information in 
attempts to model biological tissue, their interpretation is often not 
clinically applicable. The indentation set up in this work is an attempt to 
simulate the physiological scenario and investigate the biomechanical 
behaviour of the glenoid labrum under compression. The tissue's fluid 
can exude from the ends and upper surface, but not from underneath or 
sides. It is accepted that it is not known how well these conditions 
replicate the physiological interactions of these core tissue specimens 
with the superficial labral tissues and underlying glenoid when loaded in- 
situ. 
Also due to the fact that the instantaneous area under compression 
beneath the spherical indenter can not be measured, the stress could not 
be calculated. An attempt was made to mimic physiological loading by 
using an indenter the same order of size as the sample dimension. This 
indenter size effect as well as the effect of high strains that were required 
to obtain a linear curve, introduced secondary effects in the results. 
Therefore, in the absence of an appropriate measure of compressive 
behaviour under these experimental conditions, a modulus for 
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compressive behaviour was calculated to allow comparisons. Although 
not a defined material property, this measure allowed for a relative 
comparison of the compressive behaviour around the labrum's 
circumference to be carried out. 
The major limitation for the tensile testing was the limit of 7N maximum 
tensile loads so to protect the load cell. If there was no limit, the stronger 
samples may have been much stronger and the results could have been 
more statistically significant. 
Optical methods could have been used as an alternative to using grip-to- 
grip measurement of displacement. These optical methods have 
deficiencies that include problems with averaging strains from multiple 
discrete measurements on the surface only (such as for digital speckle 
methods). Grip-to-grip measurements have the possibility of allowing 
some slippage to go unquantified. In this study sandpaper was used in 
the grips to increase friction, hence possible slippage of the tissue during 
testing could be detected during the data analysis as an inflexion point in 
the load-elongation (or stress-strain) curve. 
In relatively high loads, that is loads at and above the higher part of the 
linear portion of the curve, slippage occurred in some of the samples. Yet, 
this shortcoming has no influence on the data reported in this study, as in 
the samples where slippage occurred the elastic modulus was calculated 
from the distinct lower remaining part of the linear portion. There were no 
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samples with slippage occurring before a distinct linear portion was 
formed. 
The final limitation of this study is that a set of control experiments using 
another well-characterised tissue was not conducted. 
Summary 
In summary the compressive and tensile properties of the glenoid labrum 
have been demonstrated. The labral microstructure suggests a complex 
mechanical function (Nishida et al. 1996; Hill et al. 2008). These results 
would suggest than the labrum has a variable ability to accommodate 
both tensile and compressive loading about its circumference. The 
pattern of compressive and tensile stiffness is different, and the 
predominant picture is that the anterosuperior region is weak in tension 
and strong in compression. 
(a) (b) 
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Figure 53. A summary of the mean glenoid labrum tensile (a) and 
compressive (b) elastic moduli of the glenoid labrum. 
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This may be a reflection of the potentially different embryological origin of 
this part of the labrum and would strengthen the argument that it is 
anatomically different. It has different mechanical properties to the rest of 
the labrum, especially a decreased resistance to tensile loading. 
Therefore, it may be more susceptible to injuries during development and 
the fact that this region also has a poorer blood supply may compound 
this further by reducing any potential healing ability (Cooper et al. 1992). 
This may lead to the increased spectrum of variation seen in this area 
with increasing age. 
It could also account for the pattern of SLAP lesion seen and correlate to 
the two predominant mechanisms proposed. The strong biceps anchor 
pulling on portion 8 and causing tearing of the weaker surrounding 
portions (1 and 7) resulting in a bucket handle tear. Alternatively the 
biceps anchor could pull the whole labrum away from the underlying 
glenoid. The high compressive modulus could resist mid-substance 
failure during internal impingement resulting in a Push-off of the whole 
labrurn from the glenoid. 
It is likely that the intra-substance lesions and detachment lesions have 
different mechanisms and unlikely that a type 11 lesion progresses to a 
type III lesion if unaddressed, as the point of failure is different. 
Several authors have proposed the labrum to be a complete fibrous unit 
around the glenoid to act as a tension brace and disperse loads 
throughout the whole circumference (Huber and Putz 1997; Morgan et al. 
1998). This study makes that theory less likely. If that were the case it 
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would be expected that the tensile properties of the labrum would be 
consistent around it's circumference and position 1 and 2 do not correlate 
well with this. Although the rest of the labrum may act in this way. 
The glenoid labrurn is a site for insertion of static capsular and dynamic 
tendinous stabilisers of the glenohumeral. The interaction between the 
glenohumeral ligaments and the labrum may be functional as well as 
structural. They may play a role in the preconditioning of the labrum for 
anticipated load bearing (compressive or tensile). This is supported by 
the results from this study with an increase in both the compressive and 
tensile elastic moduli after preconditioning with stress relaxation. 
This is obviously beneficial in resisting loads and potentially pathological 
forces. It could be speculated that these dynamic tendinous insertions 
respond to forces and movement of the joint capsule in certain positions 
and prepare the glenoid labrum for expected forces with more extreme 
orientations of the limb. This may mean that the whole capsular- 
tend inous-labral complex is more responsive to the forces travelling 
through the gleno-humeral joint than originally thought. 
The glenohumeral ligaments are known to contain mechanoreceptors and 
have been proposed to play a role in proprioceptive feedback in the 
shoulder (Vangsness, Jr. et al. 1995). Any damage to the glenohumeral 
ligaments or labrurn at there point of insertion may both cause loss of 
proprioception and the preconditioning of the labrum. This could result in 
functional instability if repair is not carried out. 
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This interaction between the ligamentous and tendinous insertions of the 
labrurn could be evaluated further by examination of a comparative joint. 
The acetabular labrum of the hip joint would be a good comparative study 
as it has a similar structure to the glenoid labrum, with the exception that 
it has no tendinous or ligamentous insertions. It would therefore be 
expected that the variation around its circumference would be much less 
than that of the glenoid labrum. 
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Introduction to the acetabular labrum 
Before commencing testing on the acetabular labrum a review of the 
literature was performed to evaluate whether any known variations 
around the labrum would influence the results. 
The primary function of the hip is to provide the range of motion required 
for locomotion. During this activity the loads are high, frequently in excess 
of 8 times body weight (Bergmann et aL 1993). Although the loading on 
the hip is higher than for the shoulder (Bergmann et al. 2007), the range 
of movement is smaller and the joint has a more constrained ball and 
socket geometry. The bony anatomy of the deepened socket and high 
conformity of the femoral head to the acetabulum gives the hip good 
mechanical stability. An example of this is that hip dislocation usually 
requires considerable force, and is rare not to be associated with a hip or 
acetabular fracture, or another serious injury (Dreinhofer et aL 1994; 
Schwarzkopf et al. 1996; Vecsei et al. 1997). 
Embryology 
From embryological studies it is known that the hip anlage and 
associated interzone first appear at 13 mm CRL (6-5 weeks) and by 30 
mm CRL (9 weeks) the process of cavitation is beginning and full 
dehiscence complete by 44 mm CRL (10.5 weeks) (Haines 1947). The 
acetabular labrum is first seen as a cellular condensation only on the 
medial side of the joint around 25 mm CRL (8 weeks). By 28 mm CRL 
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(8-5 weeks) a condensation for the transverse acetabular ligament is also 
present. By 33 mm CRIL (9 weeks) the transverse ligament and labrum 
are continuous around the margin of the acetabulum. By 60 mm CRL (12 
weeks) blood vessels run on the external aspect of the labrum with 
branches penetrating its outer half (Gardner and Gray 1950). 
teww 
Figure 54. Embryological development of the hip at 6.5 weeks, 8 weeks 
and 20.5 weeks. P) pelvis; F) femoral head; L) labrum; 1) ilium (Uhthoff 
and Jarvis 1997). 
Anatomy 
In the adult hip the bony acetabulum is deficient inferiorly at the 
acetabular notch and at this point is bridged by the transverse acetabular 
ligament. The femoral head is spherical in shape with two thirds of its 
sphere covered in articular cartilage, except for the fovea for the insertion 
of the ligamenturn teres. The articular surface of the acetabulurn is 
described as lunate or horse-shoe shaped due to the redundant central 
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acetabular fossa. This contains a fatpad covered with a thin synovial 
membrane. The hip capsule is a dense fibrous tissue with three major 
condensations, the iliofemoral ligament, pubofernoral ligament and the 
ischiofernoral ligament. Although the pubofernoral and ischiofernoral 
ligament takes origin from the acetabular rim, none of the ligaments 
originate from the labrum itself. Unlike the glenoid labrum it has no 
ligamentous or tendinous attachments. The zona orbicularis is a further 
condensation of the capsule that forms a collar around the neck of the 
femur (Martin et aL 2008). This has also been referred to as the femoral 
arcuate ligament and takes it's origin from the femur only (Hewitt et aL 
2002). The capsule has considerable strength with ultimate tensile stress 
reported to be between 2-6 MPa (Stewart et aL 2002; Hewitt et aL 2002). 
Substantial muscle bulk surrounds the hip joint which adds to the stability. 
The labrum within the hip is a fibrocartilagenous structure with well 
orientated circumferential fibres attached to the acetabular rim and the 
transverse acetabular ligament (Putz and Schrank 1998). It deepens the 
osseous margin of the acetabulum and extends coverage of the head. 
The acetabular labrurn appears to be more fixed to the underlying bone 
than the glenoid labrum, with a projection of the bony acetabulum into the 
under surface of the labrum and zone of calcified cartilage with a well- 
defined tidemark. (Seldes et aL 2001). There is also a1- to 2-mm zone 
of transition between the articular cartilage and labrum with blending of 
the fibrocartilage. 
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The labrum increases the surface area of the acetabulum by 63% and the 
acetabular volume by 122% (Tan et al. 2001). MRI studies have 
described the cross section of the labrum as triangular, round, flat or 
absent (Lecouvet et al. 1996). Cadaveric dissections propose one of 
three triangular profiles or a quadrangle profile, with the majority of the 
labrurn having an equilateral triangle and the inferior portions being more 
likely to deviate away from this (Won et al. 2003). 
Figure 55. Diagrammatic cross section of labrum. a) labrum; b) articular 
cartilage; c) transition zone; d) bony acetabulum; e) tidemark; f) capsule; 
g) capsular recess; h) group of vessels. 2. thickness of labrum; 3. width 
of labrum (Seldes et al. 2001). 
If thought of as a triangle, the inner articular surface extends the 
coverage over the head, the external surface interacts with the joint 
capsule and the basal surface attaches to the underlying bone. The ratio 
of labral to femoral head size reduces with age (Hachiya et al. 2001). The 
labrum has an average width of 5 mm in the adult (Tan et al. 2001). The 
inner height of the labrum has been documented as 1-34 mm (mean 6 
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mm), with the tallest portions being in the inferior and anterior-inferior 
segments (Won et al. 2003). 
Microscopy 
The labrum may provide some proprioceptive feedback as nerve endings 
have been found within it, mostly in the superficial articular region (Kim 
and Azuma 1995; Putz and Schrank 1998). The blood supply is from a 
peripheral anastomosis surrounding the capsular attachment (Putz and 
Schrank 1998) and blood vessels are restricted to the outer third of the 
labrum (Petersen et al. 2003) . 
The main feeding vessels for the labrum 
are derived from the superior gluteal vessels, the obturator artery and a 
branch of the medial femoral circumflex artery (Putz and Schrank 1998). 
Scanning Electron Microscopy (SEM) has revealed three distinct layers, 
a meshwork of thin fibrils on the articular surface, a deep more layered 
region and the most substantial inner layer of highly circumferential 
orientated fibres which from appearance carries most of the physiological 
load (Shibutani 1988; Petersen et al. 2003). 
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Figure 56. Scanning Electron Microscopy of the three layers of the 
labrum; superficial, deeper more layered region and the substantial inner 
layer (Petersen et al. 2003). 
Clinical implications 
Sublabral splits, defined as a fissure underneath the labrum between the 
fibrocartilage and articular cartilage, are a relatively common finding, but 
whether these are a normal variant, degenerative change or resulting 
from a tear is disputed and is difficult to differentiate on MRI scanning 
(Hodler et al. 1995; Petersilge et al. 1996; Won et al. 2003). This 
suggests that this zone may be a weak point in which tears can 
propagate and SEM studies have shown an increasing disruption of this 
area with rising age (Tanabe 1991). Acetabular labral degeneration is 
certainly a common finding in the elderly, especially in the anterior- 
superior quadrant, one explanation for this could be femoracetabular 
impingement (Leunig et al. 2003). 
The actual function of the labrurn within the hip joint is debated and may 
be multi-factorial. Ferguson et al (2000) focused on the labrum sealing 
the articular fluid under pressure to produce a fluid film which protects the 
underlying cartilage and provides a low friction articulation. The labrum 
also adds resistance in the flow path of fluid being expressed from the 
cartilage layers of the hip joint under load and therefore enhances the 
retention of interstitial fluid within the tissue and slows deformation of the 
cartilage. These effects seem to be most influential on the response of 
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the hip joint to load in the first 500-1000 s after loading (Ferguson et aL 
2003). 
It has also been described as having a valve effect maintaining pressure 
within the joint (Takechi et aL 1982). It does not appear to transmit any 
substantial load across it, as removal of the acetabular labrum does not 
appreciably change the contact area, load, and mean pressure between 
the acetabulum and femoral head (Konrath et al. 1998). It has been 
suggested that labral insufficiency may be a cause of instability post 
arthroplasty (Woo and Morrey 1982), but no studies have been directed 
at confirming this specifically, especially in the native hip. 
Labral tears can occur in any age group , but mostly affects young adults 
(Ikeda et aL 1988; Klaue et aL 1991; McCarthy et aL 2003; Burnett et aL 
2006). Usually the symptoms are insidious in onset, but may be acute or 
related to a traumatic event (Lage et al. 1996; Burnett et aL 2006). It has 
been reported to be a source of hip in the athlete (Mason 2001; McCarthy 
et aL 2003; Binningsley 2003; Bharam 2006) and footballers (Saw and 
Villar 2004). 
Pain is usually the main symptom, but patients may present with 
restricted range of movement, catching or clicking and even instability 
(Kelly et aL 2003). Four causes of labral tears have been proposed: 
trauma, laxity/hyper-mobility, bony impingement and dysplasia (Ranawat 
and Kelly 2005). 
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Trauma has been present in the history of up to 40% of patients with an 
arthroscopically diagnosed labral tear (Burnett et al. 2006). 
Hypo-laxity of the anterior capsu'le, specifically of the ilio-femoral 
ligament, has been suggested as a cause of increased loading of the 
anterosuperior labrum and found in 23% of 300 cases of labral tears 
(Philippon 2001). The hypothesis can be extended to suggest that the 
increased load leads to labral tearing. The authors recommended a 
capsulorrhapy in this circumstance in addition to labral repair. 
Bony impingement can result from a decreased femoral head-neck 
junction offset (cam effect), overhang of the anterior superior acetabular 
rim (pincer lesion), a retroverted acetabulum, or a combination of these 
bony deformities. The cam effect is due to the abnormal shape of the 
head-neck junction, and has previously been described as a 'pistol grip I 
deformity. This may be due to previous pathology such as a slipped 
capital femoral epiphysis, femoral neck fractures, Perthes disease and 
femoral osteotomies. Although the majority of patients presenting with 
the deformity have no pre-existing pathology (Leunig et al. 2005). The 
prominent hump of the femoral head-neck junction is forced into the 
acetabulum causing damage to the peripheral labrum. 
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A 
Figure 57. Diagrammatic representation of A) Cam effect and B) pincer 
lesion found in FAI (Leunig et al. 2005). 
A pincer lesion is caused by localised anterior acetabular over-coverage, 
a deep socket or a retroverted acetabulum. In this scenario the labrum 
again is abutted against the femoral neck and may result in a contre-coup 
chondral injury to the posterioinferior head or acetabulum. 
The term femoracetabular impingement (FAI) is used to describe both of 
these morphological abnormalities which may lead on to an acetabular 
labral tear (Philippon and Schenker 2006; Parvizi et aL 2007). 
Arthroscopic intervention to treat these lesions, especially in athletes, is 
gaining popularity (Murphy et aL 2006; Philippon and Schenker 2006; 
Guanche and Bare 2006). 
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Even mild dysplastic changes within the hip may be a risk factor for 
developing labral tears (Dorrell and Catterall 1986; Guevara et aL 2006) 
and if the tear is untreated it has been suggested that this could progress 
to damage of the adjacent chondral surfaces, resulting in eventual 
osteoarthritis (Seldes et aL 2001; McCarthy et al. 2001 a; McCarthy et aL 
2001 b). 
A further suggestion of the etiology of increased tears in the 
anterosuperior region may be due to decreased vascularity. However, 
although it has been shown that the capsular side of the labrum has 
increased vascularity compared to the articular side, no difference has 
been seen between different regions around the labrum (Kelly et aL 
2005). 
The diagnosis of a torn acetabular labrum is often missed and is 
confirmed later as the cause of 'undiagnosed' hip pain (Altenberg 1977; 
Ueo et aL 1990; Byrd 1996; Burnett et al. 2006). The most common area 
of labral tears appears to be in the anterior-superior region (McCarthy 
1995; Santori and Villar 2000; Seldes et aL 2001; Mintz et aL 2005) and 
usually involves the articular margin, as opposed to the capsular margin 
(McCarthy et al. 2001 b). However, both posterior and posterior-superior 
tears do occur (Suzuki et aL 1986; Ikeda et al. 1988). Two distinct types 
of tears have been described from histological studies; mid-substance 
tears and detachment of the labrum from the articular hyaline cartilage in 
the transitional zone (Seldes et aL 2001). 
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Figure 58. Diagram of the two types of labral tear. Type 1- detachment 
of the labrum from the articular cartilage. Type 2- mid-substance tear 
(Seldes et al. 2001). 
It is argued that debridement of the degenerative labrum in early OA may 
actually accelerate the degenerative process (Ferguson et al. 2000). This 
is supported by 73% of 436 patients with fraying or a tear of the labrum 
having chondral change at arthroscopy (McCarthy et al. 2001 a). This 
association between labral tears and articular cartilage damage has been 
hypothesised to progress and has been termed ALAD (Acetabular labral 
articular disruPtion) (Ranawat and Kelly 2005). ALAD 1 lesions have 
softening of the acetabular cartilage adjacent to the associated labral 
tear, ALAD 2 lesions have early peel back of the adjacent cartilage, ALAD 
3 lesions have a large flap of associated cartilage, and ALAD 4 lesions 
have complete cartilage loss. 
However work in the ovine model does not support this, as after partial 
labral resection no degeneration was seen up to 6 months after surgery 
and the resected tissue had been replaced by fibrous scar that 
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approximated the original labrum in density, shape, size and location in 
proximity to the femoral articular surface (Miozzari et al. 2004). 
The suggestion that labral tears may initiate and propagate osteoarthritis 
as well as some evidence that arthroscopic labral repairs have good 
healing with a fibrovascular scar tissue ( at 12 weeks in sheep (Philippon 
et al. 2007)), has encouraged more surgeons to diagnose and repair 
labral tears arthroscopically. Arthroscopic labral debridement appears to 
give a reasonable functional outcome with moderate pain relief, and 
results may improve as techniques are developed further (Santori and 
Villar 2000; Robertson et aL 2006). Newer techniques of arthroscopic 
repair are starting to be developed (Murphy et aL 2006; Philippon and 
Schenker 2006). 
Biomechanical studies 
Biornechanical studies of the labrurn have been limited. Unlike the 
glenoid labrum, no work has been aimed at recreating labral tears in 
cadaveric models. Therefore the causes of tears have been developed 
from clinical experience. Ferguson et al (2001) has defined the 
compressive and tensile properties of the bovine acetabulum, but the only 
work undertaken on human specimens has been limited to the superior 
quadrant of the labrum (Ishiko et aL 2005). Although this did define the 
mean tensile modulus of that part of the labrum as 66 MPa, all of the 
patients were having hip surgery for hip pathology and had the superior 
quadrant of the labrum excised at the time of surgery. Therefore the 
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labrurn can not be defined as 'normal' and the degeneration of the 
acetabulurn leading to joint replacement is highly likely to also include 
degeneration of the labrum. 
Summary 
The acetabular labrum has well defined embryology and anatomy. Unlike 
the glenoid labrum the acetabular labrum is continuous throughout 
including the transverse ligament. There does not appear to be any 
differences in the regionally blood supply around the circumference, 
unlike the glenoid labrum. Both labrae are susceptible to tears in young 
adulthood and the anterosuperior quadrant has the highest rate of these 
lesions. Four potential causes for the initiation of tears have been 
proposed, but there are no biornechanical studies in the literature to 
support these theories. One further potential cause for the high rate of 
tears in this region could be the biornechanical properties. Again the 
literature has not produced a comparative study around the labrum to 
suggest whether this could be a valid proposal. 
Therefore in studying the biomechanical properties of the acetabular 
labrurn it again may reveal an underlying cause for the distribution of 
tears within it. It may also help to further interpret the role of both the 
acetabular and glenoid labrum. 
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Acetabular labral methods 
For the acetabular study eight fresh frozen cadaveric hip joints were 
obtained from a tissue bank. The specimens were again stored at -200C 
when not in use and sprayed with physiological saline throughout 
dissection and testing. All the specimens were allowed to thaw thoroughly 
overnight prior to use. 
The capsule was excised from its insertion on the femur and the femur 
rotated on the acetabulum until the ligamenturn teres broke, in order to 
allow safe disarticulation of the joint without intra-articular iatrogenic 
damage. The articular surfaces were graded according to the Outerbridge 
classification (1961), and again the gross anatomy and dimensions of the 
labra were recorded. Any hip that had changes greater than grade I to 
either articular cartilage surface or have visual degeneration of the labrum 
was disregarded from the rest of the study. 
Figure 59. Acetabulum after excision of all soft tissue except the labrum. 
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Each acetabulurn was then tattooed at the 12 o'clock position and the 
labrum was carefully dissected from any remaining capsule, articular 
cartilage and underlying bone. Once removed from bone, the maximum 
depth and width was recorded around the circumference of the labrum. 
Figure 60. The labrum after removal from the bony acetabulum. 
Each labrum was then divided into eight equal sections, in order to test its 
key areas and allow comparison between the areas around the labrum. 
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Figure 61. The division of the labrum for a right sided acetabulum. 
From the previous SEM studies (Shibutani 1988; Petersen et al. 2003) it 
is known that like the glenoid labrum a substantial area within the labrum 
is made up of a core region which can be identified by the naked eye. To 
allow direct comparison to the glenoid labrum, this layer was also used for 
testing. The preparation of the specimens was identical to that for the 
glenoid labrum. Again after each test-sample was cut, it was measured 
whilst still frozen using electronic callipers (Mitutoyo, Andover, Hampshire, 
U. K. ); any test-samples that deviated by more than 10% from these 
dimensions were discarded from further testing. Due to the larger 
dimensions of the acetabular labrum, both a compressive and tensile test 
sample could be harvested from all positions around the labrum. 
143 
5.2 ACETABULAR LABRAL METHODS 
Both the tensile and compressive testing protocols were carried out in 
accordance to that described for the glenoid labrum. Data analysis was 
also identical. 
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Acetabular labral results 
Out of the eight hips dissected, four had significant degenerative changes 
(Outerbridge grade 11 and above) and were excluded from further testing. 
Figure 62. A rejected degenerate grade 11 acetabulum. 
This left 2 right and 2 left hips for testing with a mean age of 74.8 (66-80) 
years at time of death . All except one were donated from male patients. 
Two of the labra had radial fibrillation at the 1 and 11 o'clock positions 
respectively. 
Specimen Age Sex Side Outerbridge classification Labral fibrillation 
Acetabulum Femoral head 
1 75 M R 1 l'o'clock 
3 80 M L 1 1 l'o'clock 
4 66 = R 1 
6 78 MI L 1 
Rejects 
2 74 IF R 2 2 l'o'clock 
5 66 M L 2 3 radial flap 
7 78 M R 1 3 
8 96 M R 2 41 longitudinal peripheral tear 
Table 10. Basic demographics and findings for the original 8 specimens. 
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The mean measured labral circumference was 168 mm (147-181). The 
width of the labrum varied from a minimum of 2.1 mm to a maximum of 
7.6 mm amongst the specimens. 
Specimen Size(mm) Circurnference(mm) Minimum thickness(mm) Maximum t ickness(mm) 
AP Sl position width position width 
1 53.1 49.3 175 2 2.3 5 6.4 
3 53.3 49.9 181 3 3.9 8 7.6 
4 45.1 47.2 147 2 2.5 5 6.7_ 
6 52.3 51.2 170 2 2.1 5 :: 
] 
6.1 
Table 11. Dimensions of the four specimens used for testing. 
After cutting, 32 test samples were available for tensile testing and 32 test 
samples for compressive testing. All of the tensile specimens were seen 
to fail mid-substance. The mean tensile modulus was 24.7 MPa (S. D. 
10.8), the anterosuperior area (portions 1 and 2) had a significantly lower 
tensile modulus compared to the anterioinferior area (portions 3 and 4) 
(p<0.05), but no significant difference was found between the other 
quadrants. 
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Figure 63. Graph of the different tensile moduli for each portion of the 
labrum 
For the tensile specimens there was a significant increase in the post- 
relaxation modulus compared to the pre-relaxation modulus, except for 
portion 6. There was no significant increase between the post-relaxation 
and final modulus for any of the portions. 
Moduli(MPa) Pre- vs Post SR Post-S R vs Elastic 
Portion Pre-SR Post-SR Elastic % 
increase 
p C/C' 
increase 
p 
1 11.7± 3.6 17.4± 3.9 19.3± 5.5 51.3 9.8 0.12 
2 13.5± 3.4 21.5± 6.2 23.8± 7.5 58.0 11.6 0.09 
3 21.1± 5.7 34.6± 7.5 35.9± 9.5 66.1 3.0 0.16 
4 15.0± 8.7 22.8±12.2 26.7± 8.9 64.9 29.8 0.10 
5 13.2± 5.4 19.7± 7.2 26.9± 8.1 52.7 4.2 0.07 
6 13.9± 10 22.5± 18.2 23.4± 19.9 56.4 0.07 1.9 0.27 
71 9.8± 7.4 17.9± 8.3 18.2± 8.2 76.4 2.2 0.11 
81 -1-7.5+ 5.0 1 29.6± 10.1 1 30.3± 9.0 
1 
70.5 4.01 0.20 :1 
Table 12. Summary of the different tensile moduli for each portion. 
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The tensile maximum and yield stress for each portion are also 
presented. Not all test samples failed at 7N, so the maximum stress 
could not be calculated but is known to be greater than 7 MPa. 
Maximum Stress (MPa) Yield Stress 
Specimen 1 3 4 6 Mean ± S. D. 
139 4.45 2.85 3.6 1-9± 0.6 
2 2.37 >7 >7 2.88 3.6± 2.6 
3 >7 
1 3.49 3.31 3.74 2.8± 0.2 
4 0.98 5.48 6.04 1.05 1.9± 1.7 
5 >7 1.75 1.6 3.54 1.6± 0.8 
I- 
0 
6 3.91 4.01 1.29 3.22 1.8± 0.8 
- 7 5.61 5.56 1.18 3.74 2.4± 1.0 
8 >7 1 4.66 
i 
2.26 1.7± 0.7 
Table 13. Maximum tensile stress and yield stress for each portion. 
The mean compressive modulus was 31.8 MPa (+/-16.7). The 
anterosuperior region (portions 1 and 2) had a significantly lower 
compressive elastic modulus than either of the posterior quadrants 
(portions 5 and 6, and portions 7 and 8) (p<0.05). 
Moduli(MPa) Pre- vs Post SR Post-SR vs Elastic 
Portion Pre- SR Post-SR Elastic %increase p % increase p 
1 10.6± 6 14.7± 9.2 23.1± 14.1 34.9 57.6 
2 9.0± 3.6 12.9± 4.7 21.7± 8.2 44.2 68.5 
3 14.6± 9.3 21.2± 14.1 33.3± 20.5 41.9 61.6 
4 16.8± 4.6 -)5.1± 7.9 38.7± 12.5 
49.9 54.0 
5 13.7± 7.0 19.7± 12.2 30.9± 20.1 37.5 0.05 53.1 
6 1 2.6± 4.4 16.6± 4.6 28.1± 6.7 34.7 69.8 
7 14.1± 4.4 21.2± 7.6 36.3± 12.5 47.4 72.6 
r-8 1 17.2± 11.0 25.6± 16.9 41.8± 30.5 48.1 54.2 
LL. 
05d 
Table 14. Summary of the different compressive moduli for each portion. 
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Acetabular conclusion 
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Figure 64. Summary of mean tensile (a) and compressive (b) elastic 
moduli of the acetabular labrum 
These results have demonstrated the tensile and compressive properties 
of fresh frozen cadaveric acetabular labrum specimens tested at body 
temperature in 100% humidity; this has not been presented previously. 
Again there were wide standard deviations for the results as would be 
expected for biological tissue. Interestingly the tensile results show a 
similar spread of standard deviations as those found for the glenoid 
labrum, but the compressive results have much smaller standard 
deviations when compared to the results presented for the glenoid 
labrum. 
Both the compressive and tensile samples also reflected similar 
viscoelastic properties to the glenoid labrum, with a progressive increase 
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in the elastic modulus after periods of stress relaxation. These were 
overall statistically significant accept for the tensile specimens, where the 
difference between the final elastic modulus and the modulus after the 
first period of stress relaxation were not as marked. 
When comparing with the other published work on the acetabular labrum, 
significant differences are noted. The failure tensile stress for this paper 
is an underestimation due to 5 test samples not failing after 7N, and in 
order to obtain a mean value they were entered as 7N at failure. 
Therefore the mean tensile modulus may have been higher than present, 
but is unlikely to completely account for the huge difference compared to 
the published results. 
This study Human superior quadrant Bovine labrum 
(Ishiko et aL 2005) (Ferguson etaL 2001) 
Tensile elastic modulus 
[MPaj 24.7± 10.8 66.4± 42.2 74.65± 44.34 
Tensile Yield stress 
[MPa] 2.2± 1.1 
Failure tensile stress 
[MPa] 3.8± 1.9 8.8± 4.1 11.9± 6.1 
mpressive elastic O - 
odulus [MPal m 31.8±16.7 0.157± 0.057 
Table 15. Comparative published studies for the acetabular labrum. 
The work done by Ishiko et al (2005) also concentrated on the core 
region of the labrum and had rectangular testing specimens with 
dimensions of 20 x4 x1 mm. The major drawback of this work is the 
degenerative nature of the specimens. Although degeneration of 
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cartilage and ligaments has been shown to reduce the tensile modulus 
(lida et al. 2002; Spahn et al. 2007) and it could be assumed that the 
labrum would demonstrate a similar reduction with degeneration. They 
also employed a displacement of 10 mm/min but did not have any 
precycling regime or periods of stress relaxation. This also should lower 
the tensile modulus in comparison. No mention is made of the 
environmental testing conditions, so the effect of temperature and 
hydration status is not known and could account for some of the 
difference. The standard deviation for their study was large and may 
reflect the fact that the specimens had not been precycled and therefore 
uniformly preconditioned. 
The benefit of this study is the ability to compare the results around the 
circumference on the understanding that all the compounding factors are 
equal. 
The Bovine results (Ferguson et al. 2001) are closer to that of Ishiko et al 
(2005), but again due to the differences in testing regimes and the fact 
that it is bovine labrum, makes useful comparisons difficult. 
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Tensile results 
There were five specimens that did not fail after 7N, three of which came 
from the same labrum. This suggests that this labrum on the whole has a 
higher modulus, rather than individual portions. 
The only significant result form the tensile results was the fact that the 
anterosuperior region had a higher modulus than the posterioinferior 
region. The trend does show that the highest modulus is in the 
anterioinferior region with decreasing gradient on both sides and position 
1 being the lowest modulus. This is remarkable similar to the glenoid 
labrum, especially in the fact that position 8 stands out as a higher 
modulus than its surrounding portions. The trend does show the 
anterosuperior region as a point of weakness and may help to explain the 
frequency of tears in this region. The fact that position 8 is relatively high 
is more difficult to reason. 
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Figure 65. Diagrammatic representation with greyscale grading of mean 
tensile elastic moduli for the acetabulum compared to glenoid labrum. 
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The mean moduli are both very close (22.8 MPa for the glenoid and 24.7 
MPa) and there was no significant difference between them (p=0.2). This 
would suggest that the collagenous circumferential structures are very 
similar and can accommodate comparable loads. This reflects the 
findings found on SEM microscopy. The acetabular labrum is not known 
to accommodate tensile loading due to the fact that it has no tendinous, 
capsular or ligamentous insertions. It may experience torsional shearing 
forces during ambulation and the circumferentially orientated core of 
collagen fibres are the main resistance to this. One proposed mechanism 
of tear propagation is hypo-laxity of the ilio-femoral ligament in the 
anterior capsule. In this scenario the anterosuperior region of the labrum 
could be loaded more than with a competent anterior capsule. The 
reduced tensile properties leading to tear formation. 
The sample size for the acetabulum was significantly lower (n=4) than 
that of the glenoid labrum (n=1 0) and it would be interesting to see if 
these trends held true with testing of further samples. 
The acetabular labrum does not show the same significant increase in it's 
modulus after the second period of stress relaxation when compared to 
the glenoid labrum. This suggests that it does not become conditioned 
like the glenoid labrum. This could be due to the acetabular labrum 
having more consistent loads placed upon it. Whereas the insertion of 
the glenohumeral ligaments gives the glenoid labrum a more dynamic 
response to expected future loading patterns. 
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Compressive results 
The significant results for the compressive data was the anterosuperior 
region having a lower modulus than either of the posterior quadrants and 
looking at the trend around the circumference it also has a lower modus 
than the anterioinferior quadrant. This is very significant in respect to the 
formation of tears, as femoralacetabular impingement (FAI) is the most 
popular reasoning behind tear initiation. Both the cam and pincer types 
of FAI result in compression of the labrum in the anterosuperior quadrant. 
The lower compressive modulus in this region could be a cause of the 
higher frequency of tears here. One limitation to this study is that formal 
assessment of the morphology of the femoral head-neck junction and the 
acetabulum was not undertaken. The correlation with these findings 
would be very interesting. Although a debate about cause or effect might 
then be raised. 
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Figure 66. Diagrammatic representation with greyscale grading of mean 
compressive elastic moduli for the acetabulum compared to the glenoid 
labrum. 
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The mean compressive modulus for the acetabular labrum (31.8 MPa) 
was significantly lower than that of the glenoid labrum (69.7 MPa) 
(p<0.001). The acetabulum is able to capture more of the femoral head 
than the glenoid and as such it is easy to envisage that the acetabular 
labrum does not have to content with the same amount of translational 
force as the glenoid labrum. Therefore this difference is likely to reflect 
function in the normal physiological state. When dysplasia of the femoral 
neck junction or acetabulum is present, the increase in compressive loads 
on the acetabular labrum is more than would normally be encountered 
and make it susceptible to damage in this areas of compression. 
These results also suggest that the glenoid labrum does encounter higher 
compressive loading under physiological conditions and that it may have 
a role as a 'chock block'to resist translational forces of the humeral head 
during motion. 
Summary 
The results from the comparative acetabular testing have offered a further 
potential reason for the pattern of tears seen in the acetabular labrum. 
Unfortunately comparisons to previously published work are difficult to 
make. 
The results also show that the ability of the glenoid and acetabular labrum 
to resist tensile loading appear similar. However, the compressive 
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loading ability is markedly different. This gives further insight in to the 
role of the glenoid labrum. 
156 
DISCUSSION 
Discussion 
Repair and debridement of glenoid labrum tears is becoming an 
increasingly common procedure due to advanced understanding of 
common labral pathology, better pre-operative imaging and improvements 
in arthroscopic equipment and technique. Although more is known about 
the possible mechanisms of the creations of tears, until now a possible 
biornechanical basis for these tears had not been investigated. 
The review of the current literature highlighted the embryological and 
anatomical differences around the labrum, as well as presenting the 
common patterns of labral pathology and their proposed mechanisms. 
The review of the current published knowledge on the testing of intra- 
articular tissues allowed an ideal testing scenario to be proposed. 
Chapter 3 allowed the practicalities of trying to achieve this ideal to be 
explored and optimised. Therefore when testing took place it was under 
the best environment possible within the limitations of expense and 
timing. The comparative study of the acetabular labrum gave further 
insight in to the role of the glenoid labrum. 
It is my conclusion that the glenoid labrurn is a much more dynamic 
structure than first thought. I am without doubt that both embryologically 
and anatomically that the anterosuperior quadrant is derived of different 
tissue than the remaining labrum. This tissue has a lower tensile 
modulus than the rest of the labrurn and leaves it susceptible to injury 
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during development. This produces the spectrum of adult anatomical 
variation, which represents both uninjured and post injury configurations 
with unhealed, partially healed or fully healed lesions. Therefore the 
anterosuperior quadrant starts as an inferior biornechanical fissue and in 
the adult may also contain scar tissue with consequential reduced tensile 
performance. Certainly the appearance of the labrum in this region was 
quite markedly different both visually and to the touch. This is likely to be 
exaggerated in this study due to the relatively old age of the specimens, 
having had more time to become injured. The better compressive 
properties may actually be the result of the different collagenous 
architecture in this region from embryological origin and injury. The 
normally densely packed well orientated tensile resistant collagenous 
structure, being replaced by a more random collagenous structure that 
has poor tensile properties, but improved compressive properties. 
I also think that the anterosuperior region of the labrum is essentially 
redundant and does not in itself perform as a compressive of tensile 
structure within the shoulder. The insertion of the biceps into the labrum 
is an important structure and may on occasion encroach in to this region, 
but the labrum itself is not a functional structure. 
For the remaining labrum, I believe that the labrum acts as both a tensile 
and compressive structure. The insertions of the biceps and GHL's play 
an important role in preconditioning the labrum, tensioning the labrum 
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and allowing proprioceptive feedback from the labrum to the surrounding 
soft tissues. 
The preconditioning of the labrurn by the GHL is an important mechanism 
to avoid injury. The labrum being tensioned by the insertional pull of 
particular GHL's in certain positions of arm movement and in anticipation 
of translational forces from the humeral head with further movement. 
Once the labrum is fully tensioned by the GHL's it can then act as a 
tension brace resisting the translational forces of the humeral head. This 
is similar to the periarticular system fibre system previously proposed 
(Huber and Putz 1997). However, in contrast to this, I feel the tension 
brace is not complete in the anterosuperior quadrant and that the GHL's 
play a more dynamic role. 
It also has a compressive resistance to this translational force, much 
more than that encountered in the acetabular labrum and may therefore 
act as a 'chock block' (Matsen, III et aL 199 1; Lippitt and Matsen 1993). 
The labrum when injured will result in loss of its tension brace effect, 
chock block effect and proprioceptive feedback. This would result in the 
glenohumeral joint being more prone to subluxation, dislocation and 
further injury. Repair of the labrum is important to alleviate symptoms of 
instability and any associated pain. The anterosuperior region does not 
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take part in these mechanisms and should only be considered for repair if 
the biceps anchor is injured in this region. 
The fact that mid-substances tears in the labrum are so rare is testament 
to the ability of the labrum to withstand the forces placed upon it. The 
point of failure in the majority of SLAP lesions and other described lesions 
of the labrum is the interface between the labrum and the articular 
cartilage or underlying bone. I think it is highly likely that the true intra- 
substance tears (SLAP III and IV) are as a result of longitudinal traction 
placed on the biceps anchor with or without a torsional element. The 
method of failure for the detachment type injuries I suspect is more 
complicated and may be a combination of pull-off and push-off lesions. 
Further work 
If time and resources had allowed more numbers of specimens would 
have been used as although a lot of test samples were produced, the 
number of whole labra used was small. Ideally younger specimens would 
have been available. It would be very interesting to be able to examine a 
sample of the collagenous structures of each region with SEM and TEM 
imaging and correlate these findings with the biomechanical properties. 
Further studies could also be directed at defining the compressive and 
tensile properties of the rest of the gleno-humeral joint under identical 
testing conditions. Only at this stage could a true comparison between 
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the intra-articular tissues be made and a more global picture of the 
biornechanical anatomy of the gleno-humeral joint become apparent. 
Although there have been multiple studies aimed at recreating SLAP 
lesions these have all focused on pull-off lesions and future cadaveric 
work could be focused on trying to recreate SLAP lesions with a push-off 
mechanisms. 
Conclusion 
In conclusion this thesis has demonstrated the tensile and compressive 
properties of the glenoid labrum under physiological conditions. A 
comparison of these properties around its circumference has given a 
possible explanation for the patterns of tears seen. The anterosuperior 
quadrant has different biornechanical properties that are likely to reflect 
its embryological background and injury during development. The 
remainder of the labrum is likely to function as a dynamic tension brace 
and as a chock-block resisting translational forces of the hurneral head. It 
is also likely that it plays an important role in proprioceptive feedback via 
the glenohumeral ligaments and should be repaired if seen acutely after 
injury. Injuries to the anterosuperior region do not need repair unless 
they involve the biceps anchor. 
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